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RESUMO

AUTOR: Victor Hugo Alvarez Alvarez.

TITULO: Termodinamica e Aplica¢des de Liquidos Ionicos.

ORIENTADOR: Prof. Dr. Martin Aznar., CO-ORIENTADOR: Prof. Dr. Rubens Maciel Filho
Laboratério de Equilibrio de Fases, DPQ-FEQ, UNICAMP

Os liquidos i6nicos s@o uma interessante alternativa para aperfeicoar processos com objetivos
econOmicos e ecoldgicos. Esta pesquisa tem como objetivo estudar propriedades fisico-quimicas
de liquidos i6nicos, préticos e aproticos, puros ou em misturas bindrias com ésteres e aldeidos,
tais como densidade, velocidade do som, viscosidade aparente, indice de refracdo e temperatura
de decomposi¢do térmica. Além disso, € estudado o comportamento termodinamico de algumas
aplicacdes dos liquidos i6nicos, como equilibrio liquido-vapor, absor¢do de gases e equilibrio
liquido-liquido. Inicialmente, foram sintetizados onze liquidos idnicos préticos usando moléculas
de hidroxiaminas no cition e moléculas de dcido orginico com cadeias alquilicas de diferentes
tamanhos no anion. As propriedades fisico-quimicas dos liquidos i6nicos, no estado puro e em
misturas, indicam a formacdo de agregados nos liquidos iOnicos préticos com mais de dois
carbonos no anion, e que o liquido idnico prético contendo o anion formiato € instavel, formando
um éster com o passar do tempo. Nos liquidos i16nicos puros, a densidade diminui com o crescer
da temperatura ou a cadeia alquilica do anion; além disso, a viscosidade diminui com o crescer da
temperatura, mas aumenta com o crescer da cadeia alquilica do anion. Nos resultados das
misturas bindrias de liquidos i6nicos com aldeidos ou ésteres, mostra-se que os liquidos idnicos
baseados no cation amonio sdo parcialmente insoliveis em aldeidos, ocorrendo o contrario para o
liquido i6nico baseado no cétion imidazdlio, embora sejam insoldveis em ésteres. No equilibrio
liquido-vapor a baixas pressdes de sistemas bindrios, observa-se o aumento da temperatura de
ebulicdo do aldeido ou éster influenciado pela concentracdo do liquido i6nico, e a mudanca do
ponto azeotrépico na mistura etanol-dgua. No equilibrio liquido-vapor a altas pressoes, o CO, é
mais absorvido nos liquidos i6nicos préticos do que nos liquidos idnicos apréticos, especialmente
naqueles que contém o anion acetato, mostrando quimisor¢cdo nesse grupo funcional. No
equilibrio liquido-liquido do sistema terndrio liquido i6nico + dibenzotiofeno + n-dodecano,
observa-se que os liquidos i0nicos baseados no cation amonio conseguem extrair dibenzotiofeno
do n-dodecano, tanto quanto um liquido i6nico baseado no cdtion imidazdlio de estrutura mais
complexa. Nos estudos de absor¢do desde uma corrente de CO, em dois liquidos idnicos préticos
a pressdao ambiente, a temperatura e o fluxo de gas foram as varidveis limitantes da absorcdo. Os
dados do equilibrio liquido-vapor e densidade das misturas bindrias foram correlacionados
através da equacdo de estado de Peng-Robinson acoplada com a regra de mistura Wong-
Sandler/GE. Para o célculo de GE, foram implementados os modelos termodinamicos de NRTL,
UNIQUAC e COSMO-SAC. Para o equilibrio liquido-vapor, os desvios na predi¢cdo foram
menores que 2,5% e na correlagdo menores que 1,5%. Para a densidade da solu¢do, os desvios na
predicio foram menores que 2,7%. Assim, os liquidos idnicos e as aplicacOes estudadas
demonstram que estes novos compostos podem ser usados para produzir novos processos € 0s
modelos termodindmicos disponiveis na literatura podem representar esses processos com
precisao.

Palavras Chave: sintese de liquidos i0nicos, equilibrio liquido-vapor, modelagem, equacdo de
estado.
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ABSTRACT

AUTHOR : Victor Hugo Alvarez Alvarez.

TITLE : Thermodynamic and Applications of Ionic Liquids.

TUTOR : Prof. Dr. Martin Aznar, CO-TUTOR: Prof. Dr. Rubens Maciel Filho
Laboratory of Phase Equilibria, DPQ-FEQ, UNICAMP

The ionic liquids are an interesting alternative to improve processes with ecological and
economic goals. This research aims to study the physicochemical properties of aprotic and
aprotic ionic liquids, pure or in binary mixtures with esters and aldehydes, such as density, sound
velocity, viscosity, refractive index and thermal decomposition temperature. Furthermore, it is
analized the thermodynamic behavior of some applications of ionic liquids as vapor-liquid
equilibrium, gas absorption, and liquid-liquid equilibrium. Initially, eleven protic ionic liquids
were synthesized using hydroxylethylamine molecules in the cation and organic acid molecules
with alkyl chains of different sizes in the anion. The physicochemical properties in pure and in
mixtures of ionic liquids indicate the formation of agregates with more than two carbons in the
anion. The protic ionic liquid containing the formate anion is unstable, forming an ester over
time. In pure ionic liquids, the density decreases with increasing temperature or alkyl chain of the
anion, the viscosity decreases with increasing temperature, but increases with increasing alkyl
chain anion. In the results of binary mixtures of ionic liquids with aldehydes and esters, it is
shown that ionic liquids based on ammonium cation are partly insoluble in aldehydes ans soluble
in esteres, but for the ionic liquid based on imidazolium was the opposite. In the vapor-liquid
equilibrium at low pressures of binary systems, there is a increase of the boiling point of the
aldehyde or ester influenced by the concentration of ionic liquid. It changes the azeotropic point
of ethanol-water mixture. In the vapor and liquid at high pressures, more CO, is absorbed in the
protic ionic liquids than in aprotic ionic liquids. This is especially shown in those containing
acetate anion, indicating quimisorption with this functional group. In liquid-liquid equilibrium of
ternary system ionic liquid + dibenzothiophene + n-dodecane, it is observed that the ionic liquids
based on ammonium cation can be extracted dibenzothiophene from n-dodecane. Both as an ionic
liquid based on imidazolium cation of more complex structure. In studies of absorption from a
CO, flow in two protic ionic liquids at ambient pressure, the variables limiting the absorption
were the temperature and flow rate. Data from the vapor-liquid equilibrium and density of binary
mixtures were correlated using the equation of state of Peng-Robinson with the mixing rule of
Wong-Sandler/G". For the calculation of G, it was implemented thermodynamic models as
NRTL, UNIQUAC and COSMO-SAC. For the vapor-liquid equilibrium, the deviations in the
prediction and correlation were lower than 2.5% and 1.5%, respectively. For the mixture density,
the deviations in the prediction were lower than 2.7%. Therefore, the ionic liquids an the
applications studied demonstrate that these new compounds are reliable to yield new processes
and the current thermodynamic models can represent these processes with accuracy.

Keywords: synthesis of ionic liquids, liquid-vapor equilibrium, modeling, equation of state
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1. INTRODUCAO E OBJETIVOS
PREFACIO

Este capitulo apresenta as motivacdes, objetivos e contribui¢des vinculadas ao desenvolvimento
desta tese. Inicialmente, busca-se ressaltar as vantagens do uso dos principios da quimica verde e
a importancia dos liquidos idnicos. Em seguida, parte-se para a apresentacdao das pesquisas que
marcaram importantes abordagens sobre a sintese dos liquidos i0nicos e aplicacdo nos processos

industriais. O capitulo é, posteriormente, finalizado com a apresentacdo dos objetivos e do

conteddo dos demais capitulos.

1.1. INTRODUCAO

A quimica verde € definida pela [IUPAC como “A invencdo, desenvolvimento e aplicacdo de
produtos e processos quimicos para reduzir ou eliminar o uso € a geracdo de substincias
perigosas” (Tundo et al., 2000). Nessa definicdo, o termo “perigoso” deve ser entendido como
substancias nocivas de algum modo a saide humana ou ao meio ambiente. Assim, a quimica
verde é uma abordagem altamente eficaz para a prevencdo da polui¢do porque aplica inovadoras
solucdes cientificas para situacdes ambientais do mundo real. Os 12 principios da quimica verde,
originalmente desenvolvidos por Anastas e Warner (2000), fornecem uma direcdo para os
pesquisadores implementéa-la. A quimica verde inclui a redug¢do de rejeitos, de materiais e
energia, do risco, da periculosidade e do custo de processos quimicos. Alguns exemplos de
pesquisa em quimica verde sdo: desenvolvimento de catalisadores; eliminagcdo ou substituicdo de
solventes; uso de matérias-primas renovaveis; substituicdo de produtos téxicos por outros
ambientalmente aceitdveis; monitoramento, controle e a intensificacido de processos; uso eficiente
de energia; melhoria nos processos de separacdo; reagentes e reacdes intrinsecamente mais

seguras.

Desde que foi observada a hidrofobicidade de alguns liquidos idnicos, propriedade que lhes
permitem substituir cldssicos solventes organicos voldteis em diversos processos, como na
extracdo liquido-liquido (Huddleston et al., 1998) e na extracdo supercritica (Blanchard et al.,
1999), a comunidade cientifica e a indudstria estdo entusiasmadas com a nova revolucdao da

quimica verde baseada nos liquidos i6nicos. Estes poderiam reduzir o uso de solventes poluentes



e perigosos. A importancia crescente dos liquidos i06nicos € evidenciada pela velocidade de

crescimento dos artigos publicados.

A Figura 1.1 mostra o avango das pesquisas, sendo patentes ou literatura aberta, sobre liquidos
ionicos, que até o ano 1990 se manteve com uma tendéncia estdvel no nimero de publicacdes.
Nessa figura, também pode ser observado que a industria sempre notou o alto potencial dos sais
fundios a temperatura ambiente, verificado na maior quantidade de patentes do que artigos na
literatura aberta. Apds os anos 90, a pesquisa na literatura aberta cresceu como conseqiiéncia da
possibilidade de projetar sais fundidos a temperatura ambiente estdveis em dgua e ar (Christie et
al.,, 1991; Wilkes e Zaworotko, 1992), que permitiu novas aplicagdes como a extracdo e
isolamento de solutos (Tian e Hughbanks, 1995); em 1996, Suarez et al. projetaram sais fundidos
a temperatura ambiente de baixa tendéncia higroscopica. Em 1997, Seddon propde o termo
liquidos idnicos para estes compostos e descreve qualidades interessantes destes para sintese e
processos cataliticos. A primeira modelagem do equilibrio liquido-vapor (ELV) de misturas
contendo liquidos i6nicos foi apresentada por Shariati e Peters (2003). Entre 1993 e 2000, as
pesquisas na literatura aberta e as patentes apresentavam quantidades similares, mostrando o
crescente interesse da comunidade cientifica nos liquidos i6nicos. Este novo interesse permitiu a

patente de novos processos industriais.

Os termos: liquido idnico a temperatura ambiente, liquido idnico ndo aquoso, sal fundido a
temperatura ambiente, sal organico liquido e sal fundido sdo usados para descrever sais em fase
liquida (Welton, 1999). Em contraposi¢do as altas temperaturas de fusdo que sdo comumente
associadas aos sais fundidos, (1073,95 K para o cloreto de sddio e 878,15 K para cloreto de litio),
o qual limita seu uso como solventes em muitas aplicacdes (Yang e Dionysiou, 2004), os liquidos
ionicos sdo sais liquidos a baixas temperaturas, compostos unicamente por ions (Davis e Fox,

2003).

Inicialmente, os liquidos i6nicos foram considerados pouco comuns, mas agora sabe-se que
muitos sais permanecem liquidos a temperatura ambiente. Os liquidos i0nicos sdo sempre sais
organicos ou misturas contendo a0 menos um componente organico, com ponto de fussdo menor
que 100 °C (Johnson, 2007). A composi¢do e as propriedades associadas dos liquidos idnicos
dependem da unido do cétion e 4nion, pelo qual existiriam mais de 10° diferentes estruturas de

liquidos 10nicos.
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Figura 1.1. Patentes (A) e estudos na literatura aberta (<) dos liquidos i6nicos durante os ultimos anos. Fonte: Web of Science (2010).



1.2. JUSTIFICATIVA E OBJETIVOS

Em anos recentes tem-se dado muita importancia aos liquidos idnicos baseados no cétion
imidaz6lio e pouca aqueles com cédtion de amonio. Em busca de dados de um determinado
sistema contendo liquidos i0nicos, logo percebe-se que alguns dos conjuntos de dados
experimentais sao dados a uma Unica temperatura, € muitas vezes nao sao estudadas as misturas a
diferentes concentracdes. Uma revisdo critica dos dados disponiveis para alguns liquidos i6nicos
contendo amonio revela que as propriedades fisicas, como densidade e viscosidade, sdo
frequentemente relatadas (Greaves et al. 2006), mas dificilmente dados de equilibrio de liquido-
vapor ou liquido-liquido podem ser encontrados. Por outro lado, a pesquisa sobre liquidos 16nicos
€ muito dinamica e seu crescimento divulga novas publica¢des diariamente. No entanto, grandes
discrepancias entre os diferentes autores podem ainda ser observadas. Os dados disponiveis sobre
propriedades fisico-quimicas de componentes puros ou misturas ainda sdo escassos; além disso,

as medicoes foram realizadas sobretudo, até recentemente, usando compostos de baixa pureza.

Na atualidade existem trés problemas cldssicos na inddstria para os quais os liquidos i6nicos
podem fornecer solucdes inovativas: o rompimento de azedtropo, a remocao de CO, de um
efluente gasoso, e a remocao de compostos sulfurosos do petréleo. O presente trabalho estudou a
aplicagdo de liquidos i06nicos nessas dreas industriais, através de um extenso estudo para
caracterizar os liquidos i6nicos puros e suas misturas e finalmente aplicid-los. Assim, o presente
trabalho pretende fornecer uma nova dire¢ao nos estudos futuros. A estrutura da tese pretende
organizar a pesquisa realizada, ja que os resultados experimentais, colocados como artigos, ao
parecerem dispersos, enlagem e justifiquem mais de um caso de estudo. Assim, neste trabalho,
propriedades fisico-quimicas de solventes hidroxilicos (4gua, etanol, metanol), aldeidos
(propanal, pentanal, hexanal) ou ésteres (acetato de metila, acetato de etila, acetato de propila) e
liquidos 16nicos (formiato de n-metil-2-hidroxietilamo6nio, m-2-HEAF; acetato de de n-metil-2-
hidroxietilamo6nio, m-2-HEAA; propionoato de de n-metil-2-hidroxietilamonio, m-2-HEAP;
butirato de de n-metil-2-hidroxietilamo6nio, m-2-HEAB; isobutirato de de n-metil-2-
hidroxietilamonio, m-2-HEAiB; pentanoato de de n-metil-2-hidroxietilam6nio, m-2-HEAP;
hexanoato de de n-metil-2-hidroxietilaménio, m-2-HEAH; dibutirato de N-(2-
hidroxietil)etilendiamé6nio, N-(2-HE)edAB; butirato de bis(2-hidroxietil)amonio, 2-HE,AB;

etilsulfato de 1-etil-3-metilimidazolio, [emim]'[EtSO4]; metilsulfato de 1-butil-3-



metilimidazolio), [bmim] [MeSO4]; como a densidade, velocidade do som, viscosidade, indice
de refracdo e suas respectivas fungdes termodindmicas, foram estudadas em um amplo intervalo
de temperatura (288 a 323 K) e em todo o intervalo de composi¢ao nas solugdes. Assim, foram
estudadas as propriedades fisico-quimicas com respeito ao tamanho da cadeia alquilica do anion e
a variacdo do cétion para um tipo de anion. Também foi realizado um estudo do equilibrio
liquido-vapor e/ou liquido-liquido nas misturas bindrias com solventes hidroxilicos, aldeidos ou
ésteres; a modelagem termodinamica destes dados foi feita utilizando a equacdo de estado de

Peng-Robinson (1976).

1.3. ORGANIZACAO DA TESE

Esta tese consta de cinco capitulos. Os capitulos 1 e 2, referentes a Introducdo e Revisdo
Bibliografica, respectivamente, destinam-se a inserir o leitor no tema central desta tese, dando o
embasamento tedrico para a metodologia experimental e para os estudos desenvolvidos que sdo
apresentados no capitulo 3. J4, os resultados experimentais ou de simulacdo obtidos durante a
pesquisa sdo apresentados no capitulo 4, na forma de artigos cientificos que, individualmente,
abrangem cada um dos objetivos estabelecidos, podendo ser lidos independentemente dos
demais. A fim de manter a caracteristica original dos artigos, estes ndo foram traduzidos quando
inseridos na tese. O capitulo 4 foi estruturado em trés subcapitulos sendo: sintese e caraterizacao
de liquidos i0nicos, propriedades fisico-quimicas e equilibrio de fases de misturas contendo
liquidos i6nicos e algumas aplicacdes dos liquidos idnicos. Baseado nesses objetivos gerais, os

objetivos especificos deste trabalho sdo:

1-Sintese de novos liquidos 16nicos variando o tamanho da cadeia alquilica do anion.
2-Estudo do efeito de solventes hidroxilicos sobre a estrutura dos liquidos idnicos.
3-Estudo do equilibrio liquido-vapor em sistemas bindrios contendo aldeidos ou ésteres.

4-Estudo do equilibrio liquido-liquido em sistemas terndrios contendo dibenzotiofeno e n-

dodecano.
5-Estudo do rompimento da mistura azeotrdpica etanol-agua.

6. Estudo da absor¢do de CO; nos liquidos i6nicos.



7. Extracdo de compostos sulfurados de um composto semelhante ao petréleo.

O capitulo de resultados foi desenvolvido com os artigos resultantes da pesquisa. Assim, os dados
experimentais no conteido desta tese ndo foram repetidos e podem ser obtidos dos respectivos

artigos listados.
O item “Sintese e caracterizac¢do de liquidos i6nicos”, no capitulo 4, apresenta os artigos:

® Brgnsted ionic liquids for sustainable processes: Synthesis and physical properties, Journal

of Chemical & Engineering Data, v.55, p. 625-632, 2010.

o Synthesis and thermophysical properties of new protic long-chain ionic liquids with oleate

anion, Fluid Phase Equilibria, submetido, 2010.

Esses artigos reportam a sintese de oito novos liquidos idnicos baseados em cdtions do tipo
hidroxiamina. Estudos de RMN (Ressondncia Magnética Nuclear), densidade, velocidade do

som, viscosidade e indice de refracdo foram utilizados para caracteriza-los.

O item “Propriedades fisico-quimicas e equilibrio de fases de misturas contendo liquidos
ionicos”, no capitulo 4, apresenta estudos das misturas bindrias de solventes e liquidos i0nicos, o
equilibrio liquido-vapor a baixas e altas pressoes, e o equilibrio liquido-liquido com compostos

sulfurosos:

® Thermophysical properties of binary mixtures of ionic liquid 2-hydroxy ethylammonium
acetate + (water, methanol or ethanol), Journal of Chemical Thermodynamics, submetido,

2010.

e [sobaric vapor-liquid equilibria for n-methyl-2-hydroxyethylammonium butyrate + ester
(methyl acetate, ethyl acetate, propyl acetate) + at 100 kPa: Experimental data and predictive
modeling, aceito no XVIII Congresso Brasileiro de Engenharia Quimica, COBEQ 2010, Foz
do Iguacu, 2010.

® Density, refractive index and vapor-liquid equilibria of n-methyl-2-hydroxyethylammonium
butyrate plus (methyl acetate or ethyl acetate or propyl acetate): Experimental data and

predictive modeling, em preparacado.



Density, refractive index and vapor-liquid equilibria of n-methyl-2-hydroxyethylammonium
hexanoate plus (methyl acetate or ethyl acetate or propyl acetate): Experimental data and

predictive modeling, em preparagado.

Isobaric  vapor-liquid equilibria of I-ethyl-3-methylimidazolium ethylsulfate plus
(propionaldehyde or valeraldehyde): Experimental data and prediction, The Journal of

Chemical Thermodynamics, submetido, 2010.

Application of a thermodynamic consistency test to binary mixtures containing an ionic liquid,

The Open Thermodynamics Journal, v. 2, p. 25-38, 2008.

An efficient approach to optimal interpolation of experimental data, Journal of the Taiwan

Institute of Chemical Engineers, v. 41, p. 184-189, 2010.

High pressure phase behavior of carbon dioxide in [-alkyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ionic liquids, Journal of Supercritical Fluids, v. 48, p. 99—
107, 2009.

High pressure phase behavior of carbon dioxide in I-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide and I-butyl-3-methylimidazolium dicyanamide ionic liquids,
Journal of Supercritical Fluids, v. 50, p. 105-111, 2009.

Specific solvation interactions of CO, on acetate and trifluoroacetate imidazolium based ionic

liquids at high pressures, Journal of Physical Chemistry B, v. 113, p. 6803-6812, 2009.

High carbon dioxide solubilities in trihexyltetradecylphosphonium-based ionic liquids, the
Jjournal of supercritical fluids, Journal of Supercritical Fluids, v.52, p. 258-265, 2010.

High Pressure CO; Solubility in N-methyl-2-hydroxyethylammonium Protic lonic Liquids,
Journal of Supercritical Fluids, submetido, 2010.

Liquid-liquid equilibrium for n-dodecane + DBT + n-methyl-2-hydroxyethylamonium butyrate
at 25°c and 95 kPa, aceito no XVIII Congresso Brasileiro de Engenharia Quimica, COBEQ
2010, Foz do Iguagu, 2010.



Estes artigos estudam o comportamento molecular dos liquidos i6nicos na mistura com solventes
hidroxilicos (4gua, metanol, etanol), ésteres (acetato de metila, acetato de etila, acetato de
propila), e aldeidos (propanal e pentanal). No equilibrio liquido-vapor a 101,3 kPa sdo estudados
sistemas bindrios com ésteres ou aldeidos; no equilibrio liquido-vapor a altas pressdes sdo
estudado sistemas supercriticos contendo CO,; e no equilibrio liquido-liquido sdo estudados

sistemas ternarios com n-dodecano e dibenzotiofeno.

O item “Algumas aplicagdes dos liquidos iOnicos”, no capitulo 4, apresenta trés casos de
aplicacdes dos liquidos id0nicos sintetizados. O rompimento do azedtropo etanol-dgua, absorcao
de CO, de um efluente gasoso e dessulfurizacdo do petréleo. Nesse item, sdo apresentados os

artigos:

e Use of ionic liquid 2-hydroxy ethylammonium formate as entrainer for anhydrous ethanol

production, XVII Congresso Brasileiro de Engenharia Quimica, COBEQ 2008, Recife, 2008.

e Use of ionic liquid as entrainer for production of anhydrous ethanol by extractive distillation,
18th International Congress of Chemical And Process Engineering - CHISA2008, 2008,
Praga, 2008.

e Production of anhydrous ethanol by extractive distillation of diluted alcoholic solutions with
ionic liquids, 10th International Symposium on Process Systems Engineering, Elsevier, v. 27,

p. 1137-1142, 2009.

® An evaluation and industrial application of ionic liquid as separation agent for separation of

diluted ethanol-water mixtures, Fenomenos de Transferencia, v4, p. 8-12, 2008.

e CO; absorption into amine-based ionic liquids, Brazilian Journal of Chemical Engineering,

submetido, 2010.

o Liquid-liquid equilibrium for n-dodecane + DBT + protic ionic liquid at 25°C and 95 kPa,
The Journal of Physical Chemistry B, submetido, 2010.



O Capitulo 5, referente as Consideracdes Finais e Conclusdes, apresenta as principais conclusdes
dos resultados obtidos nos artigos desenvolvidos nesta tese. Em seguida, articulam-se propostas

de perspectivas futuras para a sintese e aplicacao de liquidos idnicos.

Como anteriormente explicado, ainda que a organizacdo da tese seja extensa pelos diversos
trabalhos feitos, a pesquisa foi ampla nas principais dreas atingidas. Entretanto, é apresentada a
Figura 1.2 para uma melhor visualizacio dos itens estudados. Nesta figura, observa-se trés eixos

principais: o estudo dos liquidos idnicos puros, suas misturas com solventes e trés aplicacoes.

. Revisio .
Obyjetivos H Bibliografica }{Desenvolwmento)
¥

Sintese de
liquidos i6nicos

. . ,

Puros Misturas Aplicagdes
|
Desidratagio |« ' v Separacdo do azeotropo
Propriedades Equilibrio de etanol-agua
Fisico-quimicas Fases
Propriedades | N
Fisico-quimicas Testes de » Absorgdo de CO,
solubilidade |
~ L Dessulfurizagdo
Degradagas |4 de oleo modelo
ELV «
ELL «

Figura 1.2. Diagrama de Fluxo da pesquisa desenvolvida.

Finalmente, sdo apresentados anexos para complementar a explicacdo de alguns itens. O anexo
apresenta informacOes adicionais a respeito da estrutura molecular dos liquidos i0nicos

utilizados, quimica verde e produgao cientifica da tese.



2. REVISAO BIBLIOGRAFICA

PREFACIO

z

Neste capitulo, é apresentada uma visdo geral do desenvolvimento de pesquisas na sintese e
aplicacdes dos liquidos idnicos. Além disso, € destacada a abordagem de topicos especificos da
estrutura e modelagem de sistemas em equilibrio, mais especificamente o equilibrio liquido-

vapor e liquido-liquido, para aplicagao de modelos em processos.

2.1. ESTADO DA ARTE DOS LIQUIDOS IONICOS

Os liquidos i6nicos ndo sdao novos; alguns deles sdo conhecidos ha muitos anos, com o nome de
sais fundidos. Por exemplo, o nitrato de 2-hidroxietilamonio (ponto de fusdo 52-55 °C) foi
relatado em 1888 por Gabriel e Weiner (1888); um dos primeiros liquidos i0nicos a temperatura
ambiente foi o nitrato de etilamonio (ponto de fusdo 12 °C), sintetizado em 1914 por Walden
(1914). Entre os sais de imidazdlio, o primeiro sintetizado foi um composto obtido pela mistura
de cloreto de 1-etil-3-metilimidazdlio com tricloreto de aluminio, em 1951. Porém, estes liquidos
i6nicos com fons organoaluminatos sdo instdveis ao ar e 4gua, € nao sdo inertes na mistura com

varios compostos organicos, o que limita suas aplicacdes (Dupont, 2004).

Apenas na década de 1990 apareceram os primeiros relatérios sobre a sintese de liquidos i6nicos
estaveis em ar e dgua (Wilkes e Zawarotko, 1992), sendo soliveis ou insoliveis em &agua, o
tetrafluoroborato de 1-n-butil-3-metilimidazélio ([bmim]*[BF4]) ou hexafluorofosfato de 1-n-
butil-3-metilimidazélio ([bmim]*[PFg]") e seus andlogos (Holbrey e Seddon, 1999; Huddleston et
al., 2001). Assim, na década de 1990 foi iniciado um renascimento da quimica em sais fundidos,
que continua crescendo (Dupont, 2004). Os liquidos i0nicos mais utilizados sdo os sais de
imidazolio. Informes da base de dados da ISI Web of Knowledge (2010) confirmam esta idéia.
Por exemplo, de 8525 artigos publicados dos tltimos 5 anos estudando liquidos idnicos, 4159

utilizam sais de imidazdlio.

A atual tendéncia para a comercializacdo de liquidos idnicos cria oportunidades para novos
pesquisadores trabalharem com materiais de pureza conhecida (o que € uma preocupacdo

fundamental). Coincidente com esta evolugao, existe uma crescente percep¢do de que existe uma
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infinidade de sais de baixo ponto de fusdo, nunca antes explorados como sais fundidos,
oferecendo novas oportunidades para a exploracdo e descoberta. Nao ha entdo nenhuma duvida
de que a investigacdo sobre o uso de liquidos i6nicos como solventes, reagentes, catalisadores e

materiais continuara a crescer (Davis e Fox, 2003).

Existe um amplo grau de variedade das ofertas comerciais dos imidazdlios oferecidos. Esta
diversidade surge quase totalmente do emparelhamento de um nimero muito pequeno de cétions,
principalmente aqueles imidazo6lio, com qualquer anion. Os anions mais utilizados nos liquidos
i0nicos sao espécies inorganicas poliatdmicas. O mais comum entre estes € o [PFs]", obtido do
trabalho de Wilkes e Zaworotko (1992), os quais o emparelharam com o cation imidazdlio, sendo
estdvel em ar e dgua, com caracteristicas hidrofébicas. Assim, o ion [PFs] e o ion [BF4] sdo

provavelmente os anions mais utilizados na investigacdo dos liquidos i6nicos.

Em resposta a preocupacdes de seguranca e de custos, alguns fabricantes, como a Solvent
Innovations em 2005 e a Sachem em 2003, introduziram novos liquidos i6nicos com &nions
livres de fldor. As ofertas principais sdo liquidos i6nicos com anions de sulfatos de alquilo, como
ECOENG 212 e ECOENG 500; do mesmo modo, a Sachem langou recentemente a linha
Terrasail, que consiste em liquidos i0nicos com base no anion “docusato” (nome genérico de um

surfactante).

A Cytec despertou para o fato de que muitos halogenetos fosfonicos que foram oferecidos
durante anos para aplicativos de transferéncia de massa sdo liquidos iOnicos, e apresentou
recentemente um relatério sobre a sua preparacao industrial. A Sachem também produz sais que
foram desenvolvidos como catalisadores de transferéncia de massa, mas que sao funcionalmente

liquidos 10nicos.

Atualmente, as ofertas comerciais de sais explicitamente descritos como liquidos i0nicos estao,
na maioria, baseadas no cation imidazdlio. Notavelmente, a BASF, como pioneira, divulgou o
envolvimento de um liquido idnico tipo imidazélio em um processo comercial, para producao de
fosfinas de fenil alcoxi (Seddon, 2003). Recentemente, a dessulfurizacdo do petréleo tem tido
muita pesquisa com resultados ainda preliminares; embora as patentes sejam simples aplicacdo

dos liquidos i6nicos (Likhanova et al., 2009), o processo completo esta perto de ser obtido.
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2.1.1.CLASSIFICACAO

Os processos quimicos sdo dominados pelo estudo das espécies em solu¢do. Uma solugao é uma
mistura homogénea de duas ou mais substancias em que uma ou mais destas substancias (soluto)
€ dissolvida em outra substancia (solvente). Um soluto pode ser um gés, sélido ou liquido. Uma
substancia € solivel em outra quando misturadas, formam uma solu¢ao, um sistema homogéneo.
A solubilidade ¢ uma propriedade especifica de uma substancia e depende do solvente ao qual é
misturada. A miscibilidade é o termo usado para compostos que formam solucdes em toda a faixa
de composicoes. A solubilidade é o termo utilizado para misturas homogéneas formadas por

s6lidos ou gases mais liquidos.

A quantidade do soluto em relagdo ao solvente em uma solug@o é a concentragdo da solugdo. A
maior concentragdo possivel de um soluto em um solvente € a solubilidade de uma solucao.
Quando o solvente contém mais soluto do que pode conter, a solugdo € dita saturada, e se ele tem

menos soluto do que ele pode conter, a solu¢do é definida como insaturada.

Apesar de qualquer liquido poder ser usado como um solvente, relativamente poucos sao de uso
geral. No entanto, como a introdu¢do de tecnologias mais limpas tem se tornado uma grande
preocupacdo em toda a indudstria e universidades, a busca de alternativas aos solventes mais
prejudiciais se tornou uma prioridade. Os solventes estdo no topo da lista de produtos quimicos

prejudiciais, por duas razdes simples:
-Eles sdo usados em grandes quantidades

-Eles sd@o normalmente liquidos volateis (VOCs, do inglés Volatile Organic Solvents) dificeis de

estocar.

Considerando a grande quantidade de compostos organicos volateis utilizados pela industria,
Sheldon (2007) propde o fator Sheldon E para avaliar a inddstria. Esse fator mede, em base
madssica, subprodutos do processo em proporcdo a producdo. Segundo a andlise desse fator,
induastrias geralmente consideradas como anti-ecolégicas, como as industrias do petrdleo,
produtos quimicos ou produtos quimicos a granel, sdo extremamente conscientes na producdo de

residuos. Por outro lado, a quimica fina e as empresas farmac€uticas estdo usando
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ineficientemente os solventes, com processos contaminantes, embora em menor quantidade,

como € observado na Tabela 2.1.

Tabela 2.1. Producdo das principais industrias e o fator Sheldon E.

Industria Producao (ton/ano) Fator E
Refinacdo do petréleo 10°-10° 0.1
Produtos quimicos a granel 10*-10° 1-5
Quimica fina 10%-10* 5-50
Farmacéutica 10'-10° 25-100

Fonte: Sheldon (2007).

Na mistura, as substdncias em solucdo podem interagir umas com as outras de maneiras
especificas. A solvatagdo descreve essas interacdoes. Quando um soluto se dissolve, as moléculas
do solvente se organizam em torno das moléculas do soluto. O calor da mistura estd envolvido, e
a entropia aumenta, tornando a solucdo termodinamicamente mais estivel do que o soluto
sozinho. Essa organizacdo € medida pelas propriedades quimicas do solvente e soluto, como

ligacdes de hidrogénio, momento do dipolo e polarizabilidade (Lowry e Richardson, 1987).

A constante dielétrica (¢) do solvente fornece uma medida aproximada da polaridade de um
solvente e permite classificar os solventes em duas categorias: polares e nao polares. A constante
dielétrica dd apenas uma aproximagdo grosseira das propriedades dos solventes, e ndo se
correlaciona bem com os efeitos medidos dos solventes nas taxas de reacdo. Solventes com
constante dielétrica menor que 15 geralmente sdo considerados apolares (Lowry e Richardson,
1987). Em termos comuns, a constante dielétrica do solvente pode ser pensada como a

capacidade de reduzir a carga interna do soluto.

A constante dielétrica ndo € a Unica medida de polaridade. Ja que os solventes sdo utilizados pela
quimica para realizar reagdes quimicas ou observar os fendmenos quimicos e biologicos, medidas
mais especificas de polaridade foram propostas. Por exemplo, Gutmann (1976) propde o niimero
doador ou ndmero receptor na escala de polaridade, medido em termos de como um solvente
interage com substancias especificas, como dcido de Lewis forte ou base de Lewis forte. A
polaridade, momento de dipolo, polarizabilidade e liga¢cdes de hidrogénio determinam que tipo de
compostos, o solvente é capaz de dissolver e em quais solventes ou compostos liquidos, ele é

miscivel.
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As ligagdes de hidrogénio provavelmente t€m uma maior influéncia sobre as interacdes solvente-
soluto do que qualquer outra propriedade no solvente. Solventes que t€m ligagdes O-H ou N-H
sdao doadores de protons, e capazes de formar ligagdes de hidrogénio, enquanto a maioria dos
hidrogénios ligados ao carbono é muito fracamente acida para formar ligacdes de hidrogénio.
Qualquer sitio com elétrons ndo compartilhados € um potencial receptor de ligacdes de
hidrogénio (Lowry e Richardson, 1987). Solventes com uma constante dielétrica superior a 15
podem ser divididos em préticos e apréticos, classificando como solventes proticos aqueles que
sao bons doadores de prétons e formam ligacao de hidrogénio e como solventes apréticos aqueles
que ndo o sdo. Note que os solventes aprdticos podem conter ligacdes de hidrogénio. Por
exemplo, a d4gua € um solvente protico e solventes apréticos, tais como acetona ou diclorometano
tendem a ter grandes momentos dipolares (separacdo das cargas parcialmente positivas e as
parcialmente negativas dentro da mesma molécula) e sdo positivamente carregados através do seu

dipolo negativo.

Deste modo, os liquidos i6nicos, sendo solventes, podem ser também classificados em dois tipos:
liquidos i6nicos apréticos (AlLs, do inglé€s aprotic ionic liquids) e liquidos i0nicos préticos

(PILs, do inglés protic ionic liquids).

Algumas propriedades simples dos liquidos i0nicos a temperatura ambiente, que os tornam

interessantes como potenciais solventes em diversos processos, sao as seguintes:

1. S3o bons solventes para um vasto leque de materiais organicos e inorganicos. Assim,

misturas de reagentes podem ser trazidas para uma mesma fase.

2. Frequentemente sdo compostos por ions de coordenacao fraca, entdo eles tém o potencial de

ser altamente polares, ainda sendo solventes ndo coordenados.

3. Sao imisciveis com uma série de solventes organicos, oferecendo a oportunidade de formar
uma fase polar nao aquosa para obter sistemas de duas fases. Liquidos i6nicos hidrofébicos

também podem ser utilizados como a fase polar imiscivel em dgua.

4. Tém volatilidade muito baixa, portanto podem ser usados em sistemas de alto vdcuo e

eliminar muitos problemas de armazenamento.
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Uma das vantagens mais destacadas dos liquidos i0nicos, que tem sido a justificativa para a sua
caracterizacdo como ‘“‘solventes ecoldgicos”, € a sua volatilidade insignificante. Portanto, t€ém
menos chances de serem inflamdveis ou explosivos, pela distribui¢do aérea de seus vapores. Esta
caracteristica os mostra com uma grande vantagem € como promissores substitutos para os
VOCs. Além disso, dependendo do processo, muitos liquidos iOnicos podem ser reciclados e

reutilizados repetidamente (Renner, 2001; Visser et al. 2002).

2.1.2.ESTRUTURA

A combinacdo de diferentes cations e anions pode resultar em sais com pontos de fusido baixos;
exemplos de algumas dessas estruturas que podem resultar em um liquido i0nico sdo

apresentadas na Tabela 2.2.

Tabela 2.2. Estruturas de cations e anions comumente utilizados em liquidos idnicos. R
representa cadeias alquilicas.

Ion Estrutura
—R —R
Citions | o /Nﬁ R/\P\/R R/\N”’\/R
/NJr\/R \ N\/R R—/ R—

Assim, para fazer um liquido i6nico, os pesquisadores podem escolher entre dezenas de anions
pequenos, como hexafluorofosfato ([PF¢]") e tetrafluoroborato ([BF4]"), e centenas de milhares de
cations grandes, como 1-hexil-3-metilimidazoélio ou 1-butil-3-metilimidazdlio, obtendo diferentes
propriedades fisico-quimicas da estrutura final do liquido idnico. Estes tipos de variacdes que
ocorrem nas propriedades pela diferenca de fons deu origem a descricdo dos liquidos i6nicos
como “‘solventes projetados”. Deste modo, € possivel escolher entre diferentes ions para fazer um
liquido 16nico que se adapte para uma necessidade especifica, como dissolver certas substincias
quimicas em uma reagao ou extracdo de moléculas especificas desde uma solu¢iao (Huddleston et

al., 1998).

O baixo ponto de fusdo € o resultado da composicao dos liquidos i0nicos, 0s quais contém um

cation comprido e assimétrico comparado aos sais inorganicos. Esta assimetria diminui a energia
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de coesdo na rede e, portanto, o ponto de fusdo, obtendo como resultado um meio idnico fraco.
Frequentemente, o anion € relativamente comprido e influencia no baixo ponto de fusdao (Yang e

Dionysiou, 2004).

Os liquidos i6nicos préticos sdo interessantes porque t€ém um préton de alta mobilidade, além das
propriedades classicas anteriormentente citadas. PILs sdo produzidos através da transferéncia de
prétons de um 4cido de Brgnsted a uma base de Brgnsted. Neste contexto, Bicak (2005)
sintetizou um liquido i6nico a partir da neutralizacdo de monoetanolamina com &cido férmico.
Greaves et al. (2006) propuseram diferente PILs de aminas primdrias e 4cidos inorganicos.
Iglesias e colaboradores (Alvarez et al., 2010; Iglesias et al.; 2008) sintetizaram uma familia de
PILs, modificando a cadeia alifdtica dos d4cidos organicos e/ou utilizando hidroxiaminas
secunddrias e tercidrias. Estes autores enfatizam o baixo custo e a simplicidade de sintese desta
nova familia de liquidos idnicos. Além disso, a toxicidade muito baixa deste tipo de liquidos

16nicos foi verificada (Sierra et al., 2008; Couling et al., 2006).

2.1.2.1 Cations

A mudanca do cation tem um profundo efeito sobre as propriedades fisicas, como ponto de fusao,
viscosidade e densidade (Gordon et al., 1998; Seddon et al., 2002). Isso pode ser facilmente visto
através do exame dos diagramas de fase para os sais de hexafluorofosfato (ver Figura 2.1), onde o

ponto de fusdo mostra uma dependéncia do comprimento da cadeia alquilica.

180 - _l
180 i
O 130 | isotropico g
< .+ cristal
100 =T Y
= liquido
; g |
70 .
solido
40
12 14 16 18

Comprimento da cadeia alquilica (n)
Figura 2.1. Diagrama do ponto de fusdo (linha) e temperatura de clareamento (pontos) do liquido
id6nico [c,-mim][PFg]". Fonte: Gordon et al., 1998.

Na Figura 2.1, observa-se que sais com cadeias alquilicas com menos de 14 carbonos ndo

mostraram comportamento mesomorfo, quer no aquecimento ou resfriamento, enquanto todos os
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outros exibem mesofases enantiotrépicas. Os pontos de fusdo dos sais aumentaram ligeiramente
com o aumento do comprimento da cadeia alquilica, enquanto o ponto de clareamento aumentou
acentuadamente. Dando um intervalo de temperatura na mesofase maior que 353 K no sal de
octadecil. Assim, o intervalo de cristal liquido aumentou consideravelmente com o aumento do

comprimento da cadeia alquila.

2.1.2.2  Anions

A mudanca do anion afeta de maneira drastica o comportamento quimico e a estabilidade do
liquido i6nico (Swatloski et al., 2002; Suarez et al., 1996; Davis e Fox, 2003). Os anions mais
utilizados sdo espécies poliatdmicas inorganicas e podem ser classificados como fluorados

([PF¢], [BE4], [CF3SOs], [(CF3S03),N] ), ndo-fluorados e ndo-convencionais.

O [PF¢] e o [BF4] sdo provavelmente os anions mais utilizados na pesquisa dos liquidos i0nicos.
Embora possa esperar-se pouca variagdo nas propriedades entre os sais do mesmo cétion, as
diferencas reais podem ser extremas. Por exemplo, o [bmim]"[PFs] é imiscivel em 4gua
(parcilamente miscivel), enquanto que o [bmim]'[BF4]" é completamente solivel em dgua
(totalmente miscivel). Apesar de sua ampla utilizacdo, os liquidos i0nicos com anions de [PFg] e
[BF4]" foram descritos como sensiveis ao aquecimento na presenca de dgua, liberando HF
(Trulove e Mantz, 2002). Esses inconvenientes levaram a introduzir outros anions, embora
muitos deles ainda sejam materiais fluorados. Por exemplo, o fldor ligado ao carbono, C-F,
ligacdo inerte a hidrdlise, produz liquidos i6nicos baseados em [CF3SOs] ou [(CF;S0;3),N]’, mas

eles ainda sdo de alto custo de sintese.

Em resposta a preocupacdes de seguranga e custo, novos liquidos idnicos com anions nao
fluorados foram introduzidos. Entre os mais interessantes estdo os sais derivados dos anions de
produtos quimicos baratos. Os anions baseados em sulfatos de alquila sdo razoavelmente nao-
téxicos e biodegradaveis. O liquido i6nico, ECOENG 500 (PEG-5 Metossulfato cocomonium)

foi o primeiro comercialmente disponivel com dados toxicol6gicos completos.

2.1.2.3 Organizacao estrutural dos liquidos ionicos puros

O estudo estrutural dos liquidos idnicos diferencia principalmente os sais préticos e aproticos.
Dupont (2004) fez um estudo da estrutura de AlLs baseados no cation imidazdlio. Esses

resultados revelaram que os liquidos 16nicos 1,3 dialquilimidazdlio puros sdo melhores descritos
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como supramoléculas poliméricas de ligagdes de hidrogénio do tipo ([(DAI)x (X)xa]™ [(DAI)x,
(X)x 1", onde DAI € o cétion 1,3-dialquilimidazdlio e X o 4nion. Este padrdo estrutural é uma
tendéncia geral para a fase s6lida e mantém-se em grande medida na fase liquida e até mesmo na
fase gasosa. A introducdo de outras moléculas e macromoléculas ocorre com um rompimento da
rede de ligacdo de hidrogénio e, em alguns casos, pode gerar nano-estruturas com regides polares
e ndo-polares, onde compostos podem ser introduzidos (Dupont, 2004). Estudos de raios X
notificados nos tultimos anos sobre a estrutura do sais de 1,3- dialquilimidazdlio revelam uma
tendéncia tipica: eles formam no estado s6lido uma rede alargada de cations e anions ligados
entre si por ligagdes de hidrogénio. A unidade monomérica € sempre constituida pelo cation
imidazolio cercado ao menos por trés anions, onde cada anion estd cercado por pelo menos trés
cations imidazdlio (Figura 2.2). Embora o nimero de anions que cercam o cétion (e vice-versa)
possa mudar, dependendo do tamanho e do tipo de anion do substituintes N-alquil imidazdlio,
esse padrdo estrutural é uma tendéncia geral em sais imidazolio (Dupont, 2004). Do mesmo
modo, liquidos i6nicos de cadeia longa tém atraido algum interesse devido as propriedades de

liquido cristalino (LC).

Como indicado anteriormente, os liquidos i6nicos contendo ligagdes O-H ou N-H formam o
grupos dos PILs. Esse grupo consegue ter diferencas estruturais ao utilizar os dois grupos ou um
deles no mesmo liquido i6nico. Angell e colaboradores t€ém estudado amplamente a estrutura e
propriedades desses interessantes liquidos ionicos (Angell et al., 2007; Belieres e Angell, 2007) e
confirmam uma ampla rede de ligacdes de hidrogénio na estrutura do liquido idnico, com uma
interessante alta mobilidade do préton, ainda sem misturas aquosas. Liquidos i6nicos baseados no
cation imidazdlio/pirrolidinio e anion de carboxilato formam PILs, nos quais o comprimento da
cadeia alquilica com mais de 5 carbonos no anion origina estruturas agregadas (Anouti et al.,
2009). Liquidos ionicos contendo grupos O-H e N-H no cdtion conseguem formas estruturas
agregadas com cadeias alquilicas a partir de dois carbonos no anion e mantém a alta mobilidade

no préton (Alvarez et al., 2010a).

Finalmente, a fase gasosa sobre um liquido i6nico aprético [A]*[X] consiste de pares de fons
neutros, [AX], sem fons livres ou agregados maiores, enquanto que a fase gasosa sobre um
liquido i6nico prético [BH]'[X] é composta por moléculas neutras isoladas, B e HX (Leal et al.,

2007). Assim, essas duas classes de liquidos i0nicos sdo conceitual e empiricamente diferentes, e

19



uma distin¢cdo importante para futuros trabalhos nesta drea, tendo em conta que ambos os tipos ja

estdo sendo utilizados em processos industriais.

2.1.24 Organizacao estrutural em solucao

Segundo a secdo anterior, os liquidos i0nicos "puros” em fases sélidas e liquidas sdo estruturas
poliméricas supramoleculares com ligagcdes de hidrogénio bem organizadas. Além disso, a
introducdo de outras moléculas ou macromoléculas ocorre com um rompimento da rede de
ligacdo de hidrogénio e, em alguns casos, geracdo de nano-estruturas com regides nao-polares e

polares, onde a inclusdo de compostos pode ser feita (Dupont, 2004; Anouti et al., 2009).

Quando eles sdo infinitamente diluidos em outras moléculas, podem formar pares de ions
separados do solvente; ao aumentar a concentracao do liquido i0nico, eles colapsam para formar
pares de ions de contato, e um novo aumento da concentracdo do liquido idnico leva a obter ions
triplos, até formar agregados (Figura 2.2). Esse comportamento é explicado através de ligacdes

de hidrogénio envolvendo o cétion e anion (Dupont, 2004; Alvarez et al., 2010a).
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Figura 2.2. Modelo simplificado bidimensional das caracteristicas estruturais de liquidos i0nicos
1,3 dialquilimidazdlio. Fonte: Dupont (2004).

2.1.2.5 Propriedades de cristal liquido

No estado liquido cristalino ou mesomorfico, os materiais apresentam simultaneamente
propriedades de fluidez como um liquido e forte anisotropia em algumas de suas propriedades

fisicas, isto &, suas moléculas estdo orientadas como cristais (Chandrasekhar, 1994). Estes
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materiais sdo em geral constituidos por moléculas organicas anisométricas. Estas moléculas t€ém
uma das suas dimensdes muito maior do que as restantes (ex.: podem ter uma forma alongada ou
a forma de discos). Até pouco tempo, os liquidos cristalinos conhecidos eram formados por
moléculas neutras. Entretanto, o estudo em liquidos i6nicos sugere que alguns deles apresentam o
estado cristalino e tem condutividade i0nica. O estudo tem-se baseado em liquidos idnicos com
longas cadeias alquilicas em cations de imidazodlio, piridinio € amonio e mostra a necessidade de

novos estudos com variagdes estruturais no anion (Binnemans, 2005).

2.1.2.6 Propriedades fisico-quimicas

Uma das primeiras propriedades dos liquidos i0nicos que interessou a industria foi sua
condutividade elétrica; posteriormente a baixa pressdo de vapor seduziu os cientistas com a
possibilidade de criar processos com nenhuma poluicdo de organicos voléteis. Além disso,
podem existir como liquidos em um intervalo amplo de temperatura, de até 300 °C, permitindo
controlar reacdes quimicas e uma grande facilidade de separacdo das moléculas organicas por

destilacdo, sem perda do liquido i6nico.

Até agora, muitos liquidos idnicos t€m sido baseados no cdtion imidazélio e, em menor
proporcdo, em piridinios alquila ou trialquilaminas (Marsh et al., 2004). Ao alterar o anion ou o
comprimento da cadeia alquilica no cédtion, um vasto leque de propriedades, tais como
hidrofobicidade, viscosidade, densidade e poder de solvatagcdo podem ser modulados abrindo as
possibilidades para o liquido i6nico adaptar-se a projetos especificos. Desta forma, Bicak (2005)
sintetizou um liquido i6nico formado a partir da neutralizagdo de monoetanolamina com 4cido
férmico. Greaves et al. (2006) sintetizaram diferentes liquidos 16nicos proticos a partir de aminas
primdrias e dcidos inorganicos. Iglesias e colaboradores (Cota et al., 2007, Alvarez et al., 2010a)
sintetizaram uma familia desses liquidos i06nicos, modificando a cadeia alifatica dos dacidos
organicos e/ou utilizando hidroxiaminas secunddrias e tercidrias. Estes autores explicam o baixo
custo e simplicidade de sintese. Além disso, a baixa toxicidade e degradabilidade desse tipo de

liquidos i0nicos foi verificada (Sierra et al., 2008; Peric et al., 2010).

Como estudado nas segdes anteriores, os liquidos idnicos possuem um tUnico conjunto de
propriedades fisico-quimicas que os tornam adequados em numerosas aplicacdes especificas, nos

quais os solventes convencionais nao sdo aplicdveis ou ndo sdo suficientemente eficazes.
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Adicionalmente, um estudo sobre algumas propriedades gerais dos liquidos idnicos puros ou em

mistura sao descritas:

Alta estabilidade a luz UV

A sensibilidade a luz UV é um problema para varios compostos e também para alguns liquidos
i6nicos de cadeia longa nos sais de imidazolio com uma exposi¢do maior que 90 horas
(Stepnowski e Zaleska, 2005; Yang e Dionysiou, 2004). Entretanto, podem ser sintetizados
liquidos i6nicos de alta estabilidade a luz UV. Assim, Tindale e Ragogna (2009) sintetizaram
uma nova classe de liquidos idnicos de fosfonios fluorados e comparagdes do espectro 'H NMR,
antes e depois de aplicacdes de radiacdo UV durante 90 h, ndo detectaram a destruicdo ou

qualquer outra alterac¢do da estrutura molecular ou ligacao.

Alta condutividade elétrica

O inicio dos liquidos i6nicos foi caracterizado pelo estudo e aplicagdo como eletrdlitos em
baterias, com o primeiro liquido id6nico com o anion de cloroaluminato tendo sido patenteado em
1948 (Hurley, 1948). Ao que parece, seria este o inicio da era moderna para os liquidos i0nicos,
porque pela primeira vez um publico mais vasto de quimicos comegou a se interessar por estes
solventes i6nicos ndo aquosos (Chum et al., 1975; Wilkes e Zaworotko, 1992; Wilkes, 2002).
Principalmente para os liquidos idnicos baseados no alquilimidazdlio, o cédtion tende a ser o
responsavel pelas propriedades de transporte. Assim, aparentemente a estrutura do cdtion é o

mais influente ion, nos dados de difusao e condutividade elétrica (Trulove e Mantz, 2002).

Estabilidade quimica

Na maioria destas aplicagdes, a estabilidade dos liquidos i06nicos, pelo menos em certa medida, €
crucial para o desempenho do processo ideal. Varios estudos t€ém indicado que, embora nao
sejam totalmente inertes, determinados liquidos i6nicos incorporando cétions 1,3-dialquil
imidazolio geralmente sdo mais resistentes do que os solventes tradicionais sob determinadas
condic¢des de processo, como as que ocorrem na oxidacao, fotdlise e processos de radia¢io (Yang

e Dionysiou, 2004; Tindale e Ragogna, 2009).
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Cor

Liquidos idnicos de alta qualidade incorporando cétions [bmim]" e uma variedade de anions, tais
como [PFg], [BE4], [CF3SOs], [CF;CO,] e [(CF3S0,),N] foram relatados incolores, embora
eles ndo sejam totalmente puros. A cor dos liquidos idnicos menos puros geralmente varia de
amarelo para laranja. A formacdo da cor tem sido atribuida ao uso de matérias-primas com cor ou
aquecimento excessivo durante a sintese de sal imidazo6lio (Yang e Dionysiou, 2004). A sintese
de liquidos i06nicos proéticos utilizando o cition amonio € sensivel a temperatura, sendo que uma
sintese a baixa temperatura com uma boa mistura dos compostos produz liquidos idnicos
incolores. O posterior aquecimento para sua purificacdo os torna de uma cor levemente amarela.
Isto mostra, provavelmente, que pequenas impurezas sdao originadas pela degradacdo do cation
amonio. Embora a concentragdo das impurezas nao possa ser detectada pelo espectro de RMN, as

impurezas podem ser observadas pela mudanca de cor no liquido idnico (Alvarez et al., 2010a).

Higroscopicidade

Os liquidos idnicos, normalmente compostos de cdtions organicos (por exemplo, alquil-
substituidos fosfonio®, piridinio®, imidazélio”) e anions hidrofébicos (por exemplo, [PFg],
[(CF3S0,),N]), geralmente ndo se misturam com 4gua, ou seja, grande parte deles € hidrofébica.
No entanto, mesmo sendo hidrofébicos, muitos deles sdo higroscopicos e podem conter uma
quantidade significativa de dgua, com o cardter hidrofilico do anion e com o comprimento
decrescente dos substituintes alquilicos sobre o cdtion (Chaumont et al., 2005). E bem conhecido
que as propriedades fisicas dos liquidos i6nicos sdo grandemente influenciadas pelo teor de dgua

(Carvalho et al., 2009a, 2009b).

Hidrofobicidade

Como j4 relatado, o anion tem uma grande influéncia sobre as propriedades do liquido idnico e
podem-se obter liquidos i6nicos hidrofébicos com anions tipo [bmim]*[PFs]” (Davis e Fox,
2003). Além disso, o grau de polaridade pode ser variado, adaptando o comprimento do grupo

alquilico no cdtion ou anion.

Reciclagem

Em comparacido com amostras de liquidos id6nicos obtidos de fabricantes, a degradacdo do liquido

ionico depende das impurezas contidas. A estabilidade térmica, quimica e a luz UV originam
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uma propriedade adicional aos liquidos i6nicos: a de poderem ser reciclados mantendo suas
propriedades. Esta propriedade é explorada pelas aplicagdes tecnoldgicas que podem ser impostas

a diferentes liquidos idnicos (Yang e Dionysiou, 2004).

Propriedades termofisicas

4 .

O conhecimento bdsico das propriedades termofisicas dos liquidos i6nicos € vital para o seu
projeto e avaliagdo. As propriedades termodinamicas permitem observar as diferencas em relagao
aos solventes tradicionais e as aplicacdes estudadas permitem avaliar sua possivel utilizacao na
indudstria. Por exemplo, pontos de fusdo, temperatura de transicdo vitrea, e temperaturas de
decomposicdo térmica sao necessdrios para definir a temperatura possivel e o alcance operacional
de um fluido. A densidade (em fun¢do da temperatura) é necessdria para o dimensionamento do
equipamento, capacidade calorifica € necessdria para estimar o aquecimento e arrefecimento, bem

como 0s requisitos para a capacidade de armazenamento de calor.

Desde a sintese e investigacdo de liquidos iOnicos estdveis em 4gua, relativamente recente, as
informacdes sobre propriedades fisicas do componente puro é um pouco limitada ou incompleta.
Por exemplo, para os sais de imidazdlio, t€ém-se muito mais dados da densidade a uma dada

temperatura do que como uma fungio da temperatura.

Pontos de fusdo e temperatura de transicdo vitrea para liquidos i0Onicos sdo medidos por
calorimetria diferencial exploratéria (DSC), e a temperatura de decomposi¢ao térmica medida
pela andlise termogravimétrica (TGA). Ha evidéncias de que a presenca de uma atmosfera
oxidante (O;), ou inerte (N;), ndo tem um efeito significativo sobre a temperatura de
decomposicdo de sais de imidazdlio (Ngo et al., 2000). No entanto, hd também evidéncias de que
alguns sais de imidazdlio decompdem em baixas temperaturas, na presenga de O, (Awad et al.,
2004). Estes dados para sais de imidazdlio sdo mais disponiveis; entretanto, em contraste, dados
de capacidade calorifica sdao muito escassos, (Magee, 2002; Holbrey et al., 2003; Fredlake et al.,
2004).

Propriedades em misturas

O conhecimento das propriedades termodinamicas de misturas € de interesse pratico, pois a partir

desses dados é possivel obter parametros de interacdo bindria que podem ser usados para
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modelar, desenvolver e aperfeicoar processos. Atualmente € considerado que misturas contendo
liquidos 16nicos continuam absorvendo umidade do ambiente (Cuadrado-Prado et al. 2009). Os
liquidos i6nicos sdo geralmente muito higroscopicos, mesmo sendo hidrofébicos (Chaumont et
al., 2005; Cuadrado-Prado et al. 2009). Assim, suas misturas sdo sensiveis a umidade do ar,
sendo que pequenas quantidades de dgua podem afetar significativamente as suas propriedades.
Considerando isto, os grupos de pesquisa tém utilizado meios que permitam uma atmosfera o

mais seca possivel para evitar a contaminacdo por 4gua nas misturas (Welton, 1999).

2.1.3.PRODUCAO E CONSUMO DOS LiQUIDOS IONICOS

Sais de 1,3-dialquil imidazdlio sdo os liquidos idnicos mais populares e investigados. Grande
parte do foco em sais de imidazdlio € devido a utilidade que demonstraram possuir nas pesquisas
iniciais (Seddom, 1997). O mais significativo no uso de sais imidazdlio foi a estabilidade em
agua, e sua relativa facilidade de sintese, e agora sdo comercialmente disponiveis. Numa pesquisa
no catidlogo da Sigma-Aldrich, comercializadora de produtos quimicos, descobre-se mais de
cento e vinte sais disponiveis comercialmente chamados liquidos i6nicos e mais de cento e trinta
sais (sem a denominagdo de liquido i6nico) com ponto de fusdo entre 0 e 100 °C. Estes dados
sugerem que muitos liquidos idnicos novos poderiam ser facilmente criados pela combinagao de
um cétion desejado de um sal com um anion diferente. Assim, podem-se conseguir novos
liquidos i6nicos, observando pontos de aplicagdo pré-existentes para usos potenciais de liquidos
16nicos substituindo os compostos tradicionais, sais ou derivados cldssicos (Davis e Fox, 2003).
Desta forma, o uso de aminoécidos na sintese de liquidos i6nicos é um exemplo interessante

(Ohno e Fukumoto, 2007).

A preparagdo dos liquidos iOnicos, mesmo em grandes quantidades, ndo apresenta grandes
dificuldades. Desde que sejam de pureza satisfatéria (>95% em massa), a maioria dos liquidos
ionicos podem ser armazenados sem decomposicao por longos periodos, embora alguns sejam
relativamente higroscépicos (Welton, 1999). Um caso particular sdo os liquidos i6nicos préticos
que contém fons pequenos como o formiato; a literatura e experi€éncias em um de nossos testes
tem mostrado a decomposi¢cdo no tempo em ésteres e Greaves et al. (2006) informam a

decomposicao no tempo em amidas.
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Existem dois métodos bdsicos para a preparacdo de liquidos idnicos: metitese de um sal de
haléide e reagdes de neutralizacio dcido-base; um terceiro seria a combinacao direta de um sal de

haléide com um metal haldide.

2.1.3.1 Reacoes de metatese (Welton, 1999)

Muitos alquilamonios de haldides estdo disponiveis comercialmente ou podem ser preparados
pela reacdo do halogénio-alcano adequado e aminas. A preparacdo de sais de piridinio e
halogénio-imidazdlio pode ser feita de forma semelhante. Para halogénio-alcanos voléteis, a
preparagdo precisa de um tubo fechado para a reacdo, como na sintese de [emim]"[Cl] (onde
[emim]" é o cation 1-etil-3-metilimidazdlio). Entretanto, sais com substituintes de cadeia mais
longa, como [bmim][Cl]” (onde [bmim]" é o cation 1-butil-3-metilimidazdlio), podem ser

preparadas em recipientes de vidro convencional por aquecimento sob refluxo.

2.1.3.2 Reacoes de neutralizaciao acido-base (Welton, 1999; Alvarez et al., 2010)

Sais baseados em monoalquilamo6nio sdo mais bem preparados pela neutralizagao de aminas com
acidos. Logo, os liquidos i0nicos sdo isolados, removendo o excesso de dgua no vacuo. Em uma
reacdo similar, sulfonatos de tetraalquilamoénio sdo preparados pela mistura de quantidades
equimolares de dcido sulfonico e hidréxido de tetraalquilamodnio. Novamente, o excesso de dgua
¢ removido sob vacuo. Para garantir a pureza dos liquidos idnicos, estes sdo dissolvidos em
acetonitrila ou tetrahidrofurano e tratados com carvao ativado, pelo menos, 24 h, e, finalmente, o
solvente orginico € removido sob védcuo. A preparacdo ¢é feita em recipientes de vidro

convencional sob resfriamento.

2.1.3.3 Combinacao direta de sal e metal

O método final para a sintese de liquidos i0nicos € a combinagdo direta de um sal de haleto com
um halogeneto de metal. E desta maneira que liquidos idnicos de halogénio-aluminato (IIT) e
cloreto de cobre (I) sdao preparados.

2.1.3.4 Manuseio dos liquidos ionicos

Na maioria das aplicagdes, a estabilidade dos liquidos i6nicos, pelo menos em certa medida, €

crucial para o 6timo desempenho do processo. E amplamente conhecido que muitos dos novos
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liquidos 10nicos sdo estdveis ao ar e umidade, alguns sdo até mesmo hidrofébicos. Embora seja
verdade que os novos liquidos i6nicos estdo livres de muitos dos problemas que tornam a
hidrélise dos halogenoaluminatos (III) tao dificil de lidar, sais de amodnio e imidazdlio sdo
higroscépicos e se sdo usados em recipientes abertos, a hidratacdo certamente ocorre, mesmo
sendo hidrofébicos. Também € importante conhecer a temperatura de degradagdo; por exemplo,
liquidos i6nicos contendo o anion [PFs] ou [BF4]” se decompdem quando aquecidos na presenca

de 4gua, desprendendo HF (Trulove e Mantz, 2002).

O grau em que as impurezas ou temperatura constituem um problema vai depender do uso para o
qual o liquido i6nico estd sendo preparado e do soluto que vai ser usado. Por exemplo, uma
pequena quantidade de catalisador pode ser desativada por quantidades minimas de dgua. Assim,

¢ recomenddvel a manipulagdo dos liquidos idnicos sob atmosfera inerte e seca.

Entre os liquidos i06nicos a temperatura ambiente que tem recebido maior ateng¢do, os nitratos e
percloratos organicos, os quais sdo potencialmente explosivos, quando secos. Embora nido foram
relatados problemas, muito cuidado deve ser considerado em todos os momentos em que se

manipulem liquidos i6nicos (Welton, 1999).

2.1.4.QUIMICA VERDE E OS LIQUIDOS IONICOS

Assim que foi aprovada a Lei de Prevencdo da Poluicdo de 1990 (Pollution Prevention Act) nos
Estados Unidos, a qual prescrevia uma nova atitude de crescimento industrial, o Instituto de
Prevengdo a Polui¢do e Toéxicos (Pollution Prevention and Toxics, OPPT) explorou a idéia de
desenvolver novos produtos quimicos e processos, ou melhorar os existentes, para tornd-los

menos perigosos para o ambiente e a saide humana.

Em 1991, o OPPT langcou um novo programa de pesquisa chamado “Caminhos Alternativos de
Sintese para a Prevenc¢ao da Polui¢do” (Alternative Synthetic Pathways for Pollution Prevention).
Esse programa proporcionou bolsas para projetos de pesquisa sem precedentes, que incluiram a
prevencao da poluicdo na concepcdo e sintese de produtos quimicos. Desde entdo, este programa
tem construido muitas colaboragdes com universidades, inddstrias, agéncias governamentais e

organizacdes ndo-governamentais para promover o uso da quimica para a prevengao da poluigao.
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Logo, foi acunhado (?) o termo “Quimica Verde” no mundo. Assim, a quimica verde é o uso da
quimica para a prevencao da poluicdo. Mais especificamente, a quimica verde é o projeto de
produtos e processos quimicos que reduzam ou eliminem o uso e a geragdo de substancias

perigosas.

Desde 1990 até hoje, a quimica verde mostrou ser uma filosofia altamente eficaz para a
prevencdo da polui¢do, pois aplica solugdes cientificas inovadoras para situagdes reais do
ambiente. Os 12 principios da quimica verde (ver no apéndice), originalmente desenvolvidos por
Anastas e Warner (2000), fornecem um roteiro aos pesquisadores para implementar a quimica

verde.

Os principios da quimica verde abrangem uma nova atitude para com as praticas industriais e
sintese quimica em que os residuos ou compostos perigosos sao eliminados antes de ser trazidos
ao meio ambiente (Visser et al., 2002). Assim, o potencial dos liquidos i6nicos para fornecer um
sistema com solventes ndo-voldteis tornou-se um alvo pratico para reduzir o desperdicio e
eliminar os riscos dos tradicionais solventes organicos voldteis. Mas isso ndo € suficiente para a

seguranca das industrias quimicas.

Apesar do entusiasmo, os quimicos sao cautelosos sobre as caracteristicas ecoldgicas dos liquidos
16nicos (Renner, 2001). A principal confusdo estd no sentido de serem chamados solventes
verdes por sua baixa volatilidade, embora ndo tenha sido observado todo o ciclo de vida do
liquido i6nico, desde sua sintese até sua disposi¢ao final no meio ambiente. Assim, novos estudos
sobre a sintese, reciclagem e toxicidade estdo mostrando novas tendéncias as caracteristicas de

novos liquidos i6nicos.

2.14.1 Sintese

Na realidade, os liquidos i6nicos em si sdo feitos a partir de espécies que, antes de sua
combinacdo sdo compostos organicos volateis, e logo os VOCs sdo utilizados para a purificagio
desses liquidos i6nicos. Este é um problema importante; entretanto, poucos grupos de pesquisa
tém dado a devida consideracdo. No entanto, j4 em 2001 houve avancos na sintese de liquidos
i0nicos; por exemplo, Namboodiri e Varma (2002) prepararam halogenetos do 1-alquil-3-

metilimidazdlio, sem solventes em recipientes abertos, no forno de microondas. Incentivando a
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ndo aplicacdo de solventes adicionais, Iglesias e colaboradores t€ém sintetizado novos liquidos
16nicos tipo Brgnsted sem o acréscimo de solventes adicionais a sintese (Cota et al. 2007;

Alvarez et al., 2010a).

2.14.2 Reciclagem

A purificagdo dos liquidos i6nicos pode produzir residuos secunddrios, pela lavagem com édgua
ou VOCs, eliminando os beneficios ecoldgicos dos liquidos i6nicos (Renner, 2002). Assim, os
grupos de pesquisa estdo procurando melhores processos com reciclagem dos liquidos i0Onicos,
como por exemplo, o uso de CO, supercritico para remover compostos organicos do seio do
liquido i6nico (Blanchard et al, 1999) e a extracio de compostos sulfurados de liquidos

combustiveis (Jiang et al., 2008).

2.14.3 Toxicologia

Embora as informagdes sobre a fisica, termodindmica, cinética ou de engenharia dos liquidos
ionicos venham sendo ampliadas continuamente, poucos dados quanto a toxicidade e
ecotoxicidade se encontram disponiveis. Mesmo que os liquidos i6nicos ndo contribuam para a
polui¢do atmosférica, a maioria € solivel em 4gua e podem entrar no ambiente por esta via. Até
agora nao sabemos exatamente quais sdo as consequéncias para esses casos; embora, no geral,
existam duas aproximacdes para o estudo das propriedades de toxicidade, metabolismo e

degradaciao dos compostos:

e Considerando-se a estrutura quimica e utilizando o conhecimento sobre a relacdo estrutura-
atividade (SAR, do inglés Structure-Activity-Relationships) e a correlagdo estrutura-
propriedade (SPC, do inglés Structure-Property-Correlations). Ambos os métodos utilizam

técnicas estatisticas para correlacionar propriedades com a estrutura da molécula.

e M:¢étodos experimentais toxicolégicos (Couling et al., 2006) sdo utilizados para corroborar a
hipétese dos trabalhos tedricos das estruturas e para obter informacdes sobre os efeitos
potenciais de novas substincias em sistemas complexos que s6 podem ser previstos com

grande incerteza.
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Assim, o continuo trabalho conjunto entre as duas abordagens leva a resultados mais exatos,

como pode ser observado na seguinte listagem dos trabalhos feitos na literatura sobre os liquidos

i6nicos.

Referindo-se a sua estrutura quimica, Trulove e Mantz (2002) assinalaram que liquidos
i6nicos contendo anions de halogénios tem fraca estabilidade em 4gua, e espécies toxicas e
corrosivas, como HCIl ou HF podem ser liberadas. Por isso, eles sugerem a utilizacdo de
anions livres de halogénio com hidrdlise relativamente estdvel, como os compostos de

octilsulfato.

Pernak et al. (2003) fizeram ensaios da atividade antimicrobiana de uma série de sais de 3-
alcoximetil-1-metilimidazélio contendo CI, [BF;]" e [PFs] sobre diferentes bactérias e
fungos. Os resultados mostraram que o aumento no comprimento da cadeia substituinte no
alcoximetil aumenta a atividade antimicrobiana. Esta atividade ndo foi afetada pelo tipo de

anion utilizado.

Gathergood e Scammells (2002) sintetizaram liquidos i6nicos com cadeias laterais contendo
diversos grupos funcionais. Essas modificacdes permitiram a hidrélise enzimatica do liquido
ionico no ensaio tipo “Closed Bottle Test” e o acréscimo de sua biodegradabilidade foi

demonstrado.

Stock et al. (2004) apresentam os resultados iniciais sobre a toxicidade de liquidos i0nicos
baseados em imidazolio, piridinio e fosfonio utilizando o ensaio da inibi¢cdo da enzima
acetilcolinesterase, obtida do peixe Electrophorus Electricus. Os resultados mostram a
seguinte ordem de toxicidade: imidazdlio > piridinio > fosfonio, mostrando que liquidos
16nicos contendo nitrogénio carregado positivamente sdo mais toxicos, € que um grupo alquil
maior no segundo nitrogénio do imidazdlio eleva a toxicidade. O anion nao tem influéncia na

toxicidade nesses liquidos i6nicos.

Ranke et al. (2004) fizeram estudos de inibi¢ao de luminescéncia na bactéria marina Vibrio
Fischeri e da viabilidade de células de mamiferos (IPC 81, Leukemia cells; C6, Glioma cells)
influenciada por diferentes concentragdes de sais de R1-alquil-R2-alquil-imidazélio contendo

[BF4]°, [PFs¢], o CI' e Br. Os resultados mostram similar toxicidade utilizando os dois

30



métodos, onde o comprimento da cadeia alquilica na posi¢io R2 aumenta a toxicidade do
liquido 10nico na bactéria e nas células. O tipo de anion ndo mostrou influéncia na toxicidade

dos liquidos i6nicos.

e Couling et al. (2006) fizeram estudos no crustiaceo dafnia (Daphnia Magna), o qual € a base
da cadeia alimenticia em rios. Os autores estudaram os efeitos de liquidos i6nicos baseados
em cdations de imidazdlio, piridinio e amdnio quaterndrio. Os resultados mostram que os
liquidos i6nicos contendo dtomos de nitrogénio com ligacdes duplas sdo toxicos, tanto quanto
o fenol. Entretanto, os liquidos i0nicos contendo o cdtion amoOnio quaterndrio sao
relativamente nao téxicos, sendo a ordem de toxicidade crescente: imidazélio com cadeias
alquilicas longas > imidazd6lio com cadeias alquilicas curtas > piridinio > amo6nio quaternério.
Atomos com carga negativa no cétion diminuem a toxicidade e dtomos com carga positiva no
anion a acrescentam. Com um modelo tipo SAR foi predito que o triazolio € o cition mais

toxico.

e Sierra et al. (2008) e Couling et al. (2006) explicaram o baixo custo, simplicidade de sintese,
e as diferentes aplicagdes do liquidos idnicos obtidos da sintese do etanolamina. Além disso,
a baixa toxicidade e degradabilidade desses liquidos idnicos pelas bactérias do solo foi

verificada.

Esses resultados permitem que pesquisadores sejam otimistas ao futuro dos liquidos i6nicos; pois
dados de propriedades toxicoldgicas permitem projetar estruturas biodegraddveis e ndo toxicas de
liquidos i0nicos, iniciando o projeto dos liquidos i6nicos por meio da avaliacdo tedrica da

possivel atividade biolégica com a ajuda de métodos SAR ou SPC antes de sintese.

Toxicidade e biodegradabilidade

O aspecto toxicoldgico e a biodegradabilidade dos liquidos i6nicos devem ser cuidadosamente
investigados devido a formacao de produtos de decomposicao, sua estabilidade no ecossistema e
sua influéncia direta no corpo humano. Nos estudos das muitas aplicagdes dos liquidos i6nicos,
nao € analisado o seu perigo potencial destes nos sistemas bioldgicos. Estudos pioneiros sobre a
biodegradacdo de liquidos i06nicos, a quantifica através da produg¢dao de CO, com o método de
Sturm (Gathergood and Scammells, 2002). Atualmente, por meio de estudos nos sistemas

bioldgicos, sabe-se que existem liquidos i6nicos com baixo e alto potencial de risco na ecologia,
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dependendo fortemente da estrutura molecular do liquido idnico (Docherty et al., 2007). Como
observado anteriormente, a toxicidade é, em sua maioria, influenciada pelo cation no liquido
i0nico e tem a seguinte ordem crescente: amonio < fosfonio < piridinio < imidazolio e os anions
mais toxicos sdo aqueles que contém fésforo em sua estrutura, na seguinte ordem crescente: Cl <
[CsH7SO3] < [CFsSOs3] < [BF4] < [PFg]” < [SbFg]. A toxicidade dos liquidos idnicos €
predominantemente determinada pelas cadeias alquilicas contidas no cdtion. Pham et al. (2010)
mostram que em grupos hidroxila, amonio, ésteres, e o aumento de atomos de carbono nas
cadeias alquilicas (>Cs) nos cdtions imidazdlio, piridinio e dimetilamino, acrescentam a
biodegradabilidade, embora grupos alquilicos de cadeia longa aumentem a toxicidade. Quanto as
questdes regulamentares e legislativas, a persisténcia de um composto no ecossistema ¢ um
parametro chave para a autorizacao de uso do mesmo em processos industriais. Em conseqiiéncia,
a utilizagdo de liquidos i0nicos persistentes no ecossistema ficaria muito restrita. Assim, o projeto
estrutural de liquidos i6nicos deve visar a sua biodegradabilidade e baixa toxicidade, sendo que é
uma necessidade essencial com vista a sua utilizacdo industrial. Nesse contexto, o presente
trabalho acredita que os liquidos idnicos contendo o cdtion amdnio sao os mais adequados para

garantir baixa toxicidade e alta biodegradabilidade.

2.2. MODELAGEM

Os liquidos idnicos, com sua combinagdo ilimitada de cétions e anions, podem oferecer o
solvente ideal para uma finalidade especifica. Mas nem todos os estudos experimentais siao
possiveis, uma vez que os experimentos sdo caros € demorados. Uma sele¢do criteriosa das vdrias
estruturas moleculares dos liquidos i0nicos possiveis € necessdria, visando selecionar o solvente
adequado. Nesse sentido, um método de triagem deve ser proposto para o projeto molecular de
liquidos i0nicos, com o objetivo de reduzir de forma eficiente os esfor¢os experimentais
necessarios. Logo, € necessdrio desenvolver modelos para prever as propriedades termodinamicas
de fluidos para varios sistemas, incluindo liquidos i0nicos, tais como solubilidade e equilibrio de
fases. Assim, existem trés abordagens para a modelagem: a primeira utiliza os coeficientes de
fugacidade para sistemas em alta ou baixa pressao; a segunda utiliza o coeficiente de atividade
para sistemas a baixas pressoes; e a ultima utiliza os coeficientes segundo conveniéncia da fase a

modelar.
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Os coeficientes de fugacidade sdo calculados com as equacdes de estado, que cumprem um
importante papel na engenharia quimica € no estudo do equilibrio de fases dos fluidos.
Originalmente, estas foram usadas para componentes puros. Quando foram aplicadas a misturas,
foram usadas somente para misturas nao-polares (Soave, 1972; Peng e Robinson, 1976) e
fracamente polares (Huron et al., 1978; Asselineau et al., 1978; Graboski e Daubert, 1978). A
vantagem das equagdes de estado € sua grande escala de aplicabilidade na temperatura e na
pressdo, desde gases leves até liquidos densos. Podem ser usadas para modelar o equilibrio

liquido-vapor e equilibrio liquido-liquido, abrangendo os fluidos supercriticos.

Os modelos de coeficiente de atividade centram-se na descricdo da energia livre de Gibbs em
excesso de um fluido, geralmente um liquido incompressivel, a partir do qual o coeficiente de
atividade das espécies € facilmente obtido. Estes modelos, como NRTL (Renon e Prausnitz,
1968), Wilson (Wilson, 1964), e UNIQUAC (Abrams e Prausnitz, 1975), sdo precisos para
misturas de liquidos, mas ndo sdo aplicdveis na fase vapor. Nesse contexto, para misturas
altamente nao ideais, esforcos tém sido feitos para desenvolver avangadas regras de mistura para
uso de equagdes de estado. Com o desenvolvimento de regras de mistura mais sofisticadas, as
equagdes de estado tornaram-se rapidamente uteis para o célculo do equilibrio de fases em

misturas ndo-polares e polares.

Wong e Sandler (1992) propuseram um novo tipo de regra de mistura que garante a forma
quadratica do segundo coeficiente virial em todo o intervalo de pressdes, mantendo a idéia
original de que uma equacgao de estado se comporta como um modelo de coeficiente de atividade
no limite da alta pressdo. Para esta regra de mistura, pode-se usar como uma boa aproximagao
AL =~ ASF = GE A energia livre de Gibbs em excesso a baixa pressdo, G,", é calculada
utilizando qualquer modelo cldssico apropriado para a fase liquida. Na literatura, se utilizam

geralmente os modelos cldssicos UNIQUAC e NRTL.

Os modelos UNIQUAC e NRTL foram desenvolvidos para correlacionar dados experimentais e
logo calcular propriedades da mistura. Mas dados de equilibrio para sistemas que envolvem
novos compostos, como os liquidos idnicos, sdo escassos. Assim, modelos preditivos, que ndao
requerem ajuste de parametros baseados em dados experimentais, sdo de crucial importancia.
Nesse sentido, a simulagdo molecular pode ser muito util para predizer as propriedades PVT de

novos liquidos i6nicos (Aparicio et al., 2007).
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Modelos preditivos podem ser desenvolvidos, por exemplo, a partir do método de contribui¢do de
grupos, que consiste na ligacdo empirica dos parametros do modelo termodindmico com
diferentes grupos quimicos que constituem as moléculas. Métodos de contribui¢ao de grupos t€m
sido desenvolvidos tanto para equagdes de estado (Skjgld-Jorgensen, 1988; Holderbaum e
Gmehling, 1991; Gros et al., 1996; Le Thi et al., 2006), como para modelos de coeficiente de
atividade (Fredenslund et al., 1975; Larsen et al., 1987; Gmehling et al., 1993; Tsavas et al.,
2004). As principais vantagens dos métodos de contribuicdo de grupos sdo a sua simplicidade e
eficiéncia. No entanto, as abordagens de contribuicdo de grupos estdo limitadas aos tipos de
moléculas que estiveram envolvidas no ajuste dos parametros, e podem ser imprecisos para as
condi¢cdes de pressdo e temperatura que ndo foram consideradas no processo do ajuste dos

parametros.

Uma segunda maneira de desenvolver modelos preditivos envolve célculos de quimica quantica
(Prausnitz e Tavares, 2004; Arlt et al., 2004). Uma abordagem possivel € utilizar uma equacao de
estado baseada em um potencial intermolecular ajustado a calculos ab initio. Tal abordagem é
muito semelhante a2 metodologia utilizada na simulagdo cldssica para desenvolver novos campos
de forca, e pode fornecer previsdes muito precisas para moléculas esféricas (Paricaud, 2006). No
entanto, esta abordagem estd ainda limitada a casos simples; o desenvolvimento de teorias gerais,
que levariam em conta todos os tipos de interacOes (eletrostdtica, intramolecular, e

polarizabilidade) é muito dificil.

Outra estratégia consiste em relacionar os parametros de um modelo termodinamico
macroscopico para cdlculos de ab initio realizados nas moléculas estudadas. Estes parametros
serdo os mesmos para todas as moléculas e sdo determinados pelo ajuste de um conjunto grande
de dados de equilibrio liquido-vapor e/ou liquido-liquido. Assim, os ftnicos dados que
caracterizam uma dada mistura sdo os obtidos dos célculos ab initio na molécula. O modelo de
coeficiente de atividade COSMO (COnductor-like Screening MOdel) e suas versdes, como
COSMO-RS (Klamt 1995; Klamt e Eckert, 2000) e COSMO-SAC (Lin e Sandler, 2002, 2004),
foram desenvolvidos com base nessa idéia. Os modelos COSMO-RS e COSMO-SAC sido
capazes de descrever corretamente, pelo menos qualitativamente, variacOes estruturais das
moléculas. No entanto, € necessdrio reparametrizar os modelos para uma maior precisdo ao

estudar novas estruturas moleculares (Banerjee et al., 2008). Um extenso banco de dados de
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calculos ab initio correspondente a0 modelo COSMO-SAC foi desenvolvido por Mullins et al.

(2006).

Ha poucos trabalhos que tratam da aplicagdo do COSMO para a descri¢ao do equilibrio liquido-
liquido em sistemas contendo liquidos i6nicos e compostos alifaticos sulfurosos, hidrocarbonetos
ou dgua, e nenhum com compostos aromdticos sulfurosos (Freire et al. 2008; Kumar e Banerjee,

2009).

2.2.1 Equilibrio liquido-vapor a baixas pressoes

Como explicado anteriormente, dependendo da sua estrutura, os liquidos i0nicos tendem a ser
soluveis, parcialmente soliveis ou insoluveis em diferentes solventes cldssicos. Nesse contexto,
antes de se realizar experimentos de equilibrio liquido-vapor, sdo necessarios testes de

solubilidade para identificar quais misturas sao totalmente misciveis (Shimizu et al., 2009).

Atualmente, a separagdo de compostos em misturas liquidas com liquidos i0nicos tem recebido
muita aten¢do, por se tratar de um processo novo e com um grande potencial para ser reutilizado
sem perdas ao ambiente, caracterizando processos ecologicamente limpos. Os liquidos idnicos
em processos de separacdo liquido-vapor estd sendo estudado e no momento o nimero de
publicagdes cresce a cada dia. Nos processos com ELV utiliza-se tanto baixa como alta pressao.
O termo baixa pressdo para a pesquisa é considerado quando a pressdo total € suficientemente
baixa para que todas as correcdes dos coeficientes de fugacidade sejam a unidade (Sandler,
1999). O termo alta pressao € uma pressao suficientemente grande para que se tenha um efeito
numérico maior do que a unidade sobre os coeficientes de fugacidade no equilibrio de fases em

consideragao.

Dados confidveis do equilibrio liquido-vapor sdo importantes no projeto e simulagdo dos
processos quimicos, para o continuo desenvolvimento de métodos preditivos de modelagem e
também para verificar a validade dos modelos termodindmicos atuais. Nos modelos
termodinamicos de correlagdo, UNIQUAC e NRTL, Alvarez e Aznar (2008b) mostraram que
ambos os modelos conseguem ajustar os dados experimentais do ELV em misturas contendo
liquidos i6nicos, € o modelo NRTL é superior, quando os dados experimentais contém grandes
desvios. No caso de métodos preditivos, € desejavel métodos de simples aplicacao e confidveis.

Assim, o método de contribui¢do de grupos UNIFAC modificado (Dortmund) pode ser aplicado
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para liquidos i6nicos com a introducao dos principais grupos de cétions (imidazdlio, pirrolidinio)
e anions (bis(trifluorometilsulfonil)imida, trifluorometanossulfonato) (Nebig et al. 2007, 2009;
Nebig e Gmehling, 2010). Mas o modelo UNIFAC s6 pode modelar liquidos idnicos com os
grupos estruturais que tem parametrizado. Este € um inconveniente que limita a aplicabilidade do
modelo UNIFAC para a selecio de liquidos i6nicos. A quimica quéntica baseada no modelo
COSMO (COSMO-RS, COSMO-RS(O1) ou COSMO-SAC) tem um conjunto pequeno de
parametros que nao precisa ser ajustado para modelar novos compostos, portanto, pode ser
aplicado a novos liquidos idnicos. A primeira aplicacdo do modelo COSMO no ELV foi

publicado em 2005 (Kato e Gmehling, 2005), e muito trabalho foi feito e publicado desde entdo.

Na maioria de processos indudstrias temos misturas com dgua, metanol ou etanol. Assim, o estudo
desses compostos em misturas com liquidos i6nicos € de interesse tedrico e no projeto técnico de
processos. Também, na atualidade, os ésteres organicos sdo importantes intermedidrios em
industrias quimica e farmacéuticas, e sdo principalmente produzidos por reagdes de esterificacdao
catalisada por algum 4cido (Larock, 1999). Vidrios dcidos minerais tém sido utilizados como
catalisadores para esterificacdo, mas eles sd3o extremamente cOrrosivos € precisam ser
neutralizados no final da reacdo. Muitas reagdes organicas acido-catalisadas com base em
liquidos i6nicos tém sido relatadas, entre os quais a esterificagdo € um tema atual (Leng et al.,
2009). Adicionalmente, outro processo, a oxidacdo de dlcoois para os correspondentes aldeidos
ou cetonas, € uma das mais importantes transformagdes de grupos funcionais em sintese organica.
Ansari e Gree (2002) tém demonstrado que os liquidos i0nicos podem ser utilizados na oxidacao
de dlcoois em aldeidos. A pesquisa nessa drea teve dois momentos importantes. Em 2002, o
aumento da pesquisa deveu-se a aplicacdo de liquidos i6nicos junto com um catalisador para a
producdo de aldeidos a partir de dlcoois (Ansari e Gree, 2002) e, em 2008, a pesquisa cresceu

pela producao de aldeidos apenas usando liquidos i6nicos (Luo et al., 2007).

Além disso, no final da reacdo, uma separagdo liquido-liquido ou destilagdo dos produtos da
mistura de reacdo parece muito atraente, no caso de derivados que sdo suficientemente voléteis.
E, apds a realizagdo de métodos de purificagdo no liquido idnico, este poderia ser reciclado.
Nesse contexto, um estudo sobre as propriedades fisicas e ELV entre misturas de aldeidos/ésteres

e liquidos i0nicos € necessario para desenvolver processo de sintese ou separacao.
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2.2.2 Equilibrio liquido-vapor a altas pressoes

Entre as vdrias aplicacdes previsiveis para liquidos idnicos como solventes ou em processos de
separagdo, a sua utilizagdo em processos com gases supercriticos € uma das mais interessantes.
Blanchard et al. (1999) descreveram vérias aplicacdes potenciais de fluidos supercriticos com
liquidos i6nicos. Eles demonstraram a possibilidade de utilizar CO, supercritico para remover um
soluto de um liquido i6nico sem contaminagdo do soluto extraido, resolvendo uma das
deficiéncias no uso dos liquidos i6nicos nos processos de extracdo: a recuperacao dos compostos
misturados com liquido i6nico. Scurto et al. (2002) propuseram um processo inovador para a
separacdo do liquido i6nico de solventes organicos usando CO, supercritico, que induz uma
separacdo de fases, devido a expansdo da fase liquida orgénica e, com a diminui¢io da constante
dielétrica, forca o liquido i6nico a separar-se em uma segunda fase liquida. Mais tarde, Scurto e
al. (2003) também demonstraram que a separagdo de solugdes aquosas de liquidos idnicos

hidrofébicos ou hidrofilicos pode ser realizada utilizando CO, supercritico.

Uma grande quantidade de trabalhos relativos ao desenvolvimento dos liquidos idnicos com
afinidade especial para absorver CO,; foi realizada. Bates et al. (2002) relataram liquidos idnicos
com grupos aminas, enquanto Yuan et al. (2007) usaram liquidos i6nicos com grupos hidroxila e
amonia, e Sun et al. (2008) usaram liquidos i6nicos com grupos hidroxila como um novo
catalisador quimico para a fixacdo de CO,. Adicionalmente, Yu et al. (2006) propuseram liquidos
ionicos baseados no anion glicina ou alanina, ¢ Huang et al. (2008) propuseram liquidos i6nicos
baseados no cation guanidinio para absorver SO,. Essas propostas ttm em comum utilizar
liquidos idnicos com grupos doadores de elétrons que aumentam a for¢a das interagdes do grupo -
NH; o qual € receptor-doador de elétrons; consequentemente, melhora as intera¢des entre NH, e

CO..

O éxito no desenvolvimento de processos baseados em liquidos i0nicos usando fluidos
supercriticos depende do conhecimento adequado do comportamento de fases dos sistemas.
Nesse contexto, dados de equilibrio liquido-vapor a altas pressdes foram determinados pelo
grupo do professor Jodo Coutinho (Universidade de Aveiro-Portugal) e nosso grupo aplicou o

teste de consisténcia termodinamica e a modelagem aos dados experimentais.
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Durante o estudo das aplicacdes dos liquidos i0nicos, observou-se que existe uma grande
pesquisa no equilibrio liquido-vapor a altas pressdes em sistemas bindrios do tipo liquido i6nico
+ CO; supercritico. Ao comparar os dados de diferentes grupos de pesquisa, podem-se observar
importantes discrepancias entre os valores experimentais obtidos. Como exemplo, dados do
sistema CO, supercritico + [bmim]*[PFs]” a 313,15 K sdo mostrados na Figura 2.3; é fécil
observar as significantes discrepancias entre os diferentes conjuntos de dados. Similares

resultados sao obtidos a outras temperaturas.
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Figura 2.3. Diagrama de fases para o sistema CO, supercritico [bmim]*[PFs] a 313 K.
Essas diferencas sdo, evidentemente, devido as imprecisdes na medi¢do de propriedades
experimentais, o que torna necessdrio testar as imprecisoes inerentes a tais dados. Embora seja
dificil ter certeza absoluta sobre a exatidao dos dados experimentais, é possivel verificar se esses
dados satisfazem a equag¢dao de Gibbs-Duhem, estabelecendo se os dados sdo consistentes ou

inconsistentes termodinamicamente.

Um teste de consisténcia termodinamica, desenvolvido para sistemas com dados incompletos
PTxy e baseado na equagdo de Gibbs-Duhem, e a equacdo de estado de Peng-Robinson (Peng e
Robinson, 1976) com a regra de mistura de Wong-Sandler (Wong e Sandler, 1992), utilizando o
modelo UNIQUAC (Abrams e Prausnitz, 1975) para os coeficientes de atividade, foi
desenvolvido por Alvarez e Aznar (2008a). Além disso, € mostrado que o modelo proporciona

uma excelente representacdo dos dados experimentais.
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2.2.3 Equilibrio liquido-liquido

Comunidades cientificas e industriais estdo cada vez mais preocupadas com processos
ecoldgicos, o que levou a busca de solventes mais benignos. Como os liquidos idnicos ndo
apresentam pressdo de vapor mensurdvel em condi¢cdes ambientais, eles sdo uma alternativa
atraente a partir do ponto de vista das emissdes, originando, o estudo de novos processos liquido-
liquido, por exemplo, dessulfurizacdo (Gao et al., 2009), sintese com alto rendimento (Welton,
1999), extracdo (Swatloski et al., 2002) e descontaminagdo (Visser et al., 2002; Yang et al.,
2004). Em contrapartida, alguns liquidos i0nicos sdo toxicos e tém consideravel solubilidade em
dgua, sendo preocupante as liberacdes aquosas, e originando o interesse em coeficientes de
particdo do sistema octanol-dgua para liquidos idnicos (Domanska et al., 2003). Isto representa

uma pesquisa particular do equilibrio ternério liquido-liquido.

2.3. PRINCIPAIS APLICACOES DOS LIQUIDOS IONICOS

Técnica industrial;
separagdo de gases,
extracdo de solutos,

novos solventes

Pisiua. gpliead Biologia aplicada:
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ionica

Figura 2.4. Algumas aplicagdes dos liquidos i0nicos até o momento.

O estudo inicial em torno dos liquidos idnicos no que diz respeito a quimica verde tem sido o
interesse pelo fato de ter baixas pressdes de vapor; portanto, ndo emitem compostos organicos
voléteis. Mas a substituicio de solventes organicos volateis € apenas uma parte da pesquisa, pois

como j4 relatado, s@o materiais que estdo tendo uma infinidade de aplica¢des em vérios dominios
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das ciéncias fisicas. Algumas aplicacOes podem ser observadas na Figura 2.4 (Renner, 2001;

Atkins et al., 2004).

2.3.1 Catalisadores homogéneos e heterogéneos

Para algumas aplicagdes, os liquidos 10nicos oferecem a vantagem de catalisadores homogéneos
ou heterogéneos. Isso ocorre porque um liquido id6nico pode ser selecionado para ser imiscivel
com os reagentes ou produtos, mas dissolver os catalisadores. Esta vantagem foi utilizada em
uma patente de produgdo de biodiesel, onde os reagentes sdo misciveis nos liquidos idnicos de

piraz6lio ou amonio, mas nao no produto biodiesel (Seddon et al., 2009).

2.3.2 Processos biocataliticos

Nestes tipos de processos, o liquido i6nico pode ser utilizado como solvente ou co-solvente em
sistemas aquosos ou em sistemas bifasicos. Os primeiros resultados descrevendo os liquidos
16nicos como meios de reacdo enzimdtica foram apresentados por Erbeldinger et al. (2000) e Lau
et al. (2000). Essas pesquisas mostraram que as enzimas sao estaveis em liquidos i6nicos, abrindo

a possibilidade aos liquidos idnicos de serem usados em reagdes bioldgicas.

2.3.3 Remocao de ions metalicos

Liquidos i6nicos projetados para remover cddmio e mercurio da d4gua em uma extragdo liquido-
liquido foram apresentados por Visser et al. (2002). Assim, quando este liquido idnico, insolivel
em 4agua, entra em contato com dgua contaminada, arrebata os fons metalicos seqiiestrando-os

para um posterior processo de purificacao.

2.3.4 Purificacao de gases

Os liquidos 1dnicos podem seletivamente dissolver e remover os gases de uma corrente gasosa.
Assim, um gis com valores altos de momento dipolar ou com afinidade quimica tem maior valor

de solubilidade nos liquidos idnicos (Anthony et al., 2005).

2.3.5 Degradacao fotolitica de compostos organicos em liquidos ionicos

Estudos sugerem que a transformacao fotolitica € um dos principais mecanismos que contribuem
para a degradagdo de aromaticos clorados. Assim, a radiagdo UV direta de compostos hidrofilicos

(clorofen6is) ou hidrofébicos (bifenilos policlorados (PCBs), hidrocarbonetos policiclicos
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arométicos (PAHs)) envolve tanto homdlise e heterdlise da ligacao C-Cl, seguido por uma série
de reacdes subsequentes. Embora a degradacido proteolitica de clorofendis em 4gua tem sido
provada ser vidvel, esta técnica pode ndo ser rentdvel, quando a concentra¢do de contaminantes

na dgua € baixa e o volume de 4gua poluida é grande.

Yang e Dionysiou (2004) relatam uma nova aplicacdo dos liquidos i6nicos como meio de
solvente para fotodegradacdo de compostos organicos e clorofendis em dois liquidos i6nicos, a
um determinado cumprimento de onda UV. Essa tecnologia pode ser usada para eliminar uma
variedade de impurezas organicas e subprodutos contidos no liquido idnico, desde que esse nao

seja sensivel a radiacao.

2.3.6 Projeto de liquidos ionicos para aplicacoes especificas

A sintese de liquidos i0nicos estdveis a umidade ambiente e suas propriedades quimicas e fisicas
unicas permitiram a aplicacdo generalizada destes materiais, com contribui¢des significativas da
sua utilizacdo como alternativa aos solventes organicos tradicionais e como exclusivos meios de
reacdo e de sintese. Na maioria das pesquisas, a caracteristica do liquido i6nico que tem sido
amplamente explorada é a capacidade de dissolver uma grande variedade de solutos.
Adicionalmente, o liquido i6nico ndo € simplesmente uma molécula grande com interacdes de
van der Waals; pelo contrério, eles podem interagir fortemente com as moléculas dissolvidas. Isto
foi confirmado por Rogers e colaboradores (Swatloski et al., 2002) ao produzir solucdes de
celulose a concentragdes de uso industrial utilizando liquidos idnicos. Eles observaram que

anions como o cloreto pode ser fundamental para facilitar a dissolu¢do de biomoléculas no

liquido i0nico, como celulose e outros oligossacarideos.

Aumentar a capacidade dos liquidos i0nicos para interagir com moléculas dissolvidas em formas
especificas € o foco de novos projetos de investigacdo. Liquidos iOnicos novos estdo sendo
sintetizados nos grupos de pesquisa, nos quais um grupo funcional especifico € incorporado como
parte da estrutura do cdtion ou anion. Estes grupos funcionais podem dar um padrio de
reatividade particular ao liquido idnico, reforcando a sua capacidade de interacdo com tipos

especificos de soluto. Por exemplo:

. liquidos i6nicos do tipo Brgnsted anexando grupos dcidos sulfonicos mostram boas

atividades cataliticas para a producgdo de ésteres (Xing et al., 2005).
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liquidos i6nicos contendo grupos amino sdo eficientes para absorver CO, desde fluxos de

gases (Bates et al., 2002).

liquidos i6nicos com grupos aromdticos mostraram maior eficiéncia na extracdo de

aromaticos em sistemas bifdsicos aquosos (Yang e Dionysiou, 2004).

L. ca - . . - . 2
liquidos idnicos contendo grupos de tioeter aprimoram a remog¢do dos metais Hg™" e

Cd**(Visser et al., 2002).
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3. MATERIAIS E METODOS
PREFACIO

Neste capitulo sdo apresentados os materiais, aparelhos e os métodos experimentais aplicados
para obter os dados experimentais na sintese e caracterizacdo de liquidos idnicos puros e suas
misturas. A importancia de utilizar liquidos i0nicos contendo minimas quantidades de 4gua
encaminha o desenvolvimento de métodos de secagem e manuseio que sdo explicados no

capitulo.

3.1. OBJETIVOS

O estudo € definido pelos seguintes compostos: sais de imidazélio ou de hidroxiamina, solventes
hidroxilicos (etanol, metanol, dgua), ésteres (acetato de metila, acetato de etila, acetato de
propila), e aldeidos (propanal, pentanal, e hexanal). Assim, o principal objetivo € a sintese de
liquidos 106nicos contendo o cdtion amodnio e os estudos termodindmicos envolvidos neste
trabalho sdo o equilibrio liquido-vapor (ELV), o equilibrio liquido-liquido (ELL) e as
propriedades fisicas densidade, velocidade do som, viscosidade aparente e indice de refracao.
Com os resultados, espera-se melhorar a base de dados termodinamica de compostos puros e
misturas bindrias contendo liquidos i0nicos biodegraddveis e de baixa toxicidade. Este capitulo

tem o objetivo de explicar a metodologia experimental para:

e Determinar a densidade, velocidade do som, viscosidade aparente e indice de refracdao dos

liquidos idnicos puros em funcao da temperatura.

® Determinar o equilibrio liquido-vapor de misturas bindrias contendo liquidos i0nicos e

aldeidos ou ésteres.

e Determinar o equilibrio liquido-liquido de misturas terndrias contendo liquido idnico +

composto sulfuroso + n-dodecano.

3.2. MATERIAIS
3.2.1.REAGENTES

Todos os produtos quimicos utilizados nesta parte do trabalho foram de qualidade Merck ou

Sigma-Aldrich, com pureza superior de 99% em massa, exceto a dgua e alguns liquidos i0nicos,
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que foram obtidos no nosso laboratério. A dgua reagente foi obtida pela destilacdo da dgua
procedente do servigo publico e logo purificada usando troca idnica (Figura 3.1). Alguns liquidos
ionicos foram sintetizados seguindo os procedimentos descritos mais adiante. Os compostos
puros foram armazenados em recipientes de vidro cor ambar, protegidos da luz solar e umidade a
temperatura constante. Os reagentes foram desgaseificados usando ultra-som antes do uso. As
densidades das substancias puras sdo apresentadas na Tabela 3.1 e comparadas com valores de

literatura.

Tabela 3.1. Densidades a 298,15 K.

MM p (g/em’)
Componente g/mol Exp lit

Propanal 58,08 0,79485 0,7911*
Pentanal 86,134 0,80473  0,8089°
Hexanal 100,161

Acetato de metila 74,079 0,92682 0,9282°
Acetato de etila 88,106 0,89490 0,8928°
Acetato de propila 102,133 0,88261 0,8823°_
Agua 18,015 0,997040 0,99705"
Metanol 32,042 0,786710 O,78637f_
Etanol 46,069 0,785261 0,78493"
Dibenzotiofeno 184,26 - -
n-dodecano 170,33 0,74515 0,74532¢
m-2-HEAA 135,16 1,10087 1,10083¢
m-2-HEAB 163,21 1,03945 1,03924¢
m-2-HEAH 191,27 0,99417 -
2-HE,AB 193,24 1,10658 -
N-(2-HE)edAB 280,36 1,07344 -
[emim] [EtSO4] 236,29 1,23693 1,23763°
[bmim] [MeSO.] 250,32 1,21203  1,21222"

aRenunciQ et al. (1996); "Tarakad e Scheller (1979); “Sarkara e Roy.
(2009); dAlvarez et al. (2010a); “Calvar et al. (2008), TRiddick et al.,
1998, £Alonso et al. (2008), "Pereiro et al., 2007.
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Figura 3.1. Destilador e coluna de troca idnica para purificagao da dgua.
3.2.2.APARELHOS UTILIZADOS

Na determinacdo do erro na medi¢do nos aparelhos foi utilizada a precisdo sendo diferente da
resolucdo do aparelho, medi¢ao dada pelo aparelho. A precisdo da medi¢ao foi calculada pelo
método de propagacdo de erros. Densidades e velocidades de som foram medidas para
substancias puras no intervalo 278,15-323,15 K e, para misturas bindrias, no intervalo 288,15-
323,15 K, usando densimetros Anton Paar DSA 5000 (Figura 3.2) ou DMA 5000. As misturas
bindrias foram analisadas em toda a faixa de composicao. Os aparelhos utilizam a vibragao de um
tubo para a medida da densidade, com uma precisio de + 5 x 10°g cm™ e a propagagdo de uma
onda de som através do liquido para a velocidade do som, com uma precisdo de + 1 X 10% ms™.
Os aparelhos foram calibrados a pressao atmosférica com 4gua bidestilada e ar seco. A
temperatura dos densimetros foi mantida com uma precisdo de + 1 x 10 K. As misturas bindrias
foram preparadas pela pesagem direta dos elementos constitutivos em uma balanca eletronica,
cuja precisdo € + 2 X 10 g. Foram tomadas precaucdes para minimizar perdas pela evaporagdao

ou absor¢do de umidade durante o armazenamento e preparo das solugdes.

45



Figura 3.2. Foto do analizador de densidade e velocidade do som, modelo DSA 5000.

Para as anélises do indice de refracdo foi utilizado um refratometro Mettler-Toledo modelo RE
40D, mostrado na Figura 3.3. Este aparelho consegue medir valores desde 1,32 até 1,70 no indice
de refracdo, com uma precisdo de + 1 X 10*. A medicao € baseada na linha D do sédio (A=589,3
nm), sendo simbolizada a medi¢do por np. O indice de refracdo foi medido com o refratdmetro
dentro da caixa de acrilico com atmosfera de nitrogénio seco. O refratdmetro foi calibrado com ar
e dgua a 298,15 K sempre no inicio de cada medi¢@o. O aparelho utiliza aproximadamente 0,3 ml

de amostra.

Figura 3.3. Foto do Refratometro Mettler-Toledo, modelo RE 40D.

A viscosidade aparente das amostras de liquido i6nico foi analisada por um redmetro Visco Elite

L (Fungilab) em diferentes temperaturas, mostrado na Figura 3.4. Os cones utilizados foram o
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TLS, TL6 e TL7, e o intervalo da velocidade foi selecionado de acordo com a faixa de torque
(minimo de 10% e méiximo de 90%), como sugerido pelas instru¢cdes do fabricante. A
temperatura foi controlada com o auxilio do banho termostitico e medida com um termometro

calibrado.

Figura 3.4. Foto do redmetro Visco Elite, modelo L.

A umidade no liquido i6nico foi medida pelo aparelho titulador tipo Karl-Fisher (Mettler-Toledo
modelo DL-31), o qual é mostrado na Figura 3.5. Este utiliza CombiTitran 5 e metanol seco

fornecido pela Merck.

Figura 3.5. Foto do Titulador de Karl-Fisher, modelo DL31.
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Os dados experimentais do equilibrio liquido-vapor neste estudo foram obtidos a partir do
ebuliometro Fischer Labodest com recirculagdo dindmica. O instrumento é capaz de manipular
pressdes de 0,25 kPa até 400 kPa e temperaturas até 523,15K. Uma vista geral da unidade

experimental é mostrada na Figura 3.6.

O aparelho € construido em vidro e inclui uma bomba Cottrell para atingir o equilibrio, manta de
aquecimento a vacuo, condensador, evaporador de circulagdo e tampas com septos para retirar
amostras por meio de seringas. O aparelho é montado em uma armacdo de aluminio provida de
portas de policarbonato na frente e no topo, e fechado com painéis de aluminio na parte posterior.
Inclui um aquecedor de imersdo, agitador magnético, sensores de temperatura PT-100 (para fase
liquida e vapor) e controle da temperatura pelo médulo Phase Equilibrium Controller Fischer
Minitron. As medi¢des de pressdo com precisdo de + 1,0 Pa foram feitas com um mandmetro em
U contendo glicerina como fluido manométrico e a temperatura pode ser determinada com

precisdo de até + 0,1 K.

O equilibrio liquido-liquido foi realizado em uma célula de equilibrio, a qual € provida de uma
camara encamisada feita de vidro e coletores laterais para retirada das amostras de ambas as
fases. Os coletores sdo selados com septos que permitem a introducdo da seringa sem perdas de
massa por vazamento. A Figura 3.7 apresenta um modelo da célula de equilibrio e a partir da
Figura 3.8 observa-se a célula em repouso para separar as fases de uma mistura contendo liquido

i6nico (fase inferior).
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Figura 3.7. Célula de equilibrio, vista lateral e superior. Unidades em mm. Fonte: Stragevitch,
1997.

Figura 3.8. Célula em repouso para obter duas fases limpidas.
3.3. SINTESE DE LiQUIDOS IONICOS E CARATERIZACAO
3.3.1 SINTESE DE LIQUIDOS IONICOS

Os liquidos i6nicos contendo o cation amodnio foram sintetizados pelo método de neutralizacio
dcido-base utilizando como reagentes hidroxiamina e dcido orginico. A amina foi colocada em
um baldo de trés bocas feito inteiramente de vidro, equipado com um condensador de refluxo, um
funil e um sensor PT-100 para controlar a temperatura. O baldo foi montado em um banho
termostdtico a temperatura de 288,15 K, como observado na Figura 3.9. Essa € a menor
temperatura possivel, que ndo permite condensar dgua no baldo. O 4dcido organico foi adicionado

gota a gota ao baldo sob agitacdo com uma barra de agitacdo magnética. A reagdo é uma
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neutralizacao 4cido-base simples (Bicak, 2005), que produz um sal de éster da base utilizada; este

processo, de uma forma geral para etanolamina e 2-(metilamino)etanol, pode ser expresso como:
o )

H
N

N
/\/\OH+R OH—>/\/\OH+R

Q 0
HO + )]\ HO )]\
\/\NHZ R OH B \/\N+H3

R O
E N O +H, i
—>
H O/\/ \/\OH )I\ N N\/\ )
R OH HO OH R O

onde R € o grupo alquil presente no acido orgéanico, sendo acido férmico (R=H), 4acido acético
(R=metil), 4cido propidonico (R=etil), dcido butandico (R=n-propil), dcido isobutanoico (R=i-
propil), dcido pentandico (R=n-butil), 4cido hexandico (R=n-pentil) e 4cido oléico (R=8-

heptadecene).

Estas reacOes quimicas sdo altamente exotérmicas, de modo que um controle adequado da
temperatura € essencial ao longo de toda a rea¢do quimica. Caso contrdrio, a evolugdo da reagdo a
alta temperatura pode produzir a desidratacdo do sal até a amida correspondente, como no caso

de sais de nylon (sais de diaminas com 4cidos dicarboxilicos).

Figura 3.9. Foto da montagem utilizada para a sintese dos liquidos i6nicos.

A espectroscopia de ressondncia magnética nuclear (RMN) foi utilizada para verificar a estrutura

dos liquidos idnicos sintetizados.
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3.3.2 DESIDRATACAO DE LiQUIDOS IONICOS

Conforme mencionado no Capitulo 2 desta tese, as propriedades fisicas dos liquidos i6nicos sdo
influenciadas efetivamente pelo teor de d4gua. Assim, para reduzir ao maximo o teor de dgua e de
compostos voldteis, uma metodologia de desidratacdao dos liquidos i0nicos, desenvolvida durante

esta tese foi utilizada antes da determinacao de dados do equilibrio de fases.

Metodologia

A umidade contida em um composto exerce uma pressao de vapor que depende da natureza da
interacdo entre as moléculas e da temperatura. Em contato com uma fase gasosa contendo vapor
com pressao parcial p, o composto ird perder ou ganhar umidade do ar até que a pressao parcial

da umidade no composto seja igual a p.

A 4gua pode estar adsorvida nas paredes das células ou estruturas sélidas, em solucao dentro das
células ou em pequenos poros dentro do composto. Esta umidade exerce uma pressdo de vapor
menor que a pressao de vapor da dgua liquida pura porque tem uma maior interacdo com o
composto. A dgua também pode estar presente sobre a superficie do composto, ou em grandes
cavidades dentro do composto, de modo que sua pressdo de vapor seja igual a pressdo da dgua

liquida, porque neste caso a d4gua ndo tem interagdes moleculares com o composto.

Segundo a literatura, a desidratagdo de liquidos idnicos € feita em alto vicuo a temperatura
ambiente ou levemente superior a esta durante varias horas (Welton, 1999; Carvalho et al. 2009).
Nessa metodologia, precisa-se de uma bomba de alto vicuo num sistema turbomolecular capaz
de atinjir a pressdo de 1x10™* Pa. Também precisa-se determinar o armazenamento adequado dos

liquidos 10nicos.

A cor dos liquidos i0nicos sintetizados variou de transparente a amarelo-escuro quando os
processos de reacdo e de purificacdo (forte agitacdo e aquecimento a 323,15 K durante 48 h, para
vaporizar o acido organico residual) foram concluidos. A temperatura de 323,15 K foi obtida
empiricamente. A fim de diminuir a0 mdximo o teor de dgua, foram testadas trés metodologias de
desidratacio de 100 g de etilsulfato de 1-etil-3-metilimidaz6lio [emim]*[EtSO,] utilizando
vacuo. Os testes de desidratac@o utilizaram um recipiente projetado para a evaporacao de volateis

sob vacuo (Figura 3.10) com agitacdo. Os métodos testados foram os seguintes:
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1-Desidratacio do liquido i6nico durante 48 h a 343,15 K a pressdo absoluta de 70 Pa.

2-Desidratacdo do liquido i0nico durante 36 horas a 343,15 K a pressdo absoluta de 70 Pa,
usando um processo em batelada a cada 2 horas. O vicuo € mantido durante 2 horas, logo é

fechado e permitido o ingresso de ar durante 15 minutos a pressao ambiente.

3- Desidratagdo do liquido idnico durante 36 horas a 343,15 K a pressdo absoluta de 70 Pa,
usando um processo em batelada a cada 2 horas. A pressdo € mantida durante 2 horas, logo é

fechado e permitido o ingresso de nitrogénio tipo N50 durante 15 minutos a pressdo ambiente.

A umidade do liquido idnico foi medida no inicio da desidratacio e em cada inicio da
desidratacdo do tipo batelada por um titulador potenciométrico de Karl-Fisher modelo DL31

(Mettler-Toledo).

(a) 4 (b)

Figura 3.10. Balao (a) e sistema de vacuo (b) projetado para a desidratacdo e armazenamento do
liquido i6nico.

3.3.3 MANUSEIO DOS LIQUIDOS IONICOS PUROS E SUAS MISTURAS

Como comentado no item anterior, a desidratacdo dos liquidos i0nicos € necessdria pela sua
natureza higroscépica. Além disso, a manipulacio de tais compostos quimicos precisa ser
adequada para que se evite capturar 4gua durante a exposi¢do a umidade do ambiente. Assim, 0s

liquidos i06nicos devem ser manipulados em uma atmosfera seca.

Metodologia

Uma caixa de acrilico com entrada e saida de linhas de géds foi projetada e construida para o
manuseio dos liquidos i0nicos em atmosfera seca de nitrogénio (Figura 3.11). Num primeiro

momento, uma corrente de nitrogénio foi passada dentro da caixa durante 4 horas, tempo
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necessario para atingir uma umidade relativa menor que 10%. O método foi validado com a
exposicdo de silica-gel dentro e fora da caixa. Dentro da caixa foram expostos 25 cm’ de silica-
gel e 25 cm’ de silica-gel fora da caixa. A umidade das duas amostras foi comparada

visualmente, ja que a silica-gel € um indicador de umidade quando se apresenta na cor rosa.

Figura 3.11. Caixa de acrilico para obter uma atmosfera seca.
3.3.4 CARATERIZACAO
3.3.4.1 Ressonancia Magnética Nuclear

A espectroscopia de Ressondncia Magnética Nuclear representa uma importante técnica para a
investigacdo a nivel molecular, sendo capaz de fornecer informacdes estrutural e dindmica para
qualquer estado da matéria. As propriedades estruturais e fisico-quimicas dos liquidos i6nicos
podem ser estudadas com métodos convencionais de RMN liquido (Giernoth et al., 2005). Essas
técnicas podem ser tteis na avaliagdo da composi¢do quimica e para a andlise quantitativa das
espécies. Além disso, experimentos de espectroscopia de RMN ordenada por difusdo (DOSY,
NMR Diffusion-Ordered SpectroscopY) podem ser usados para determinar os coeficientes de

autodifusdo, que estdo relacionados ao tamanho molecular e a viscosidade das amostras.

Nesta tese, a espectroscopia de ressonancia magnética nuclear (RMN) foi utilizada para verificar
a estrutura dos liquidos ibnicos sintetizados. Os espectros de 'H e '2C foram os principais a serem
analisados. Os experimentos de RMN nos liquidos idnicos foram feitos a 298,15 K para aqueles
de baixa viscosidade e a 333,15 K para os de alta viscosidade, com aparéncia de creme. Os
equipamentos utilizados foram o 11.7 T Varian Inova-750 Spectrometer (750 MHz) na

Universidade de Santiago de Compostela e o Bruker Avance II (300 MHz) na Universidade
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Estadual de Campinas. Os espectros de RMN foram processados com o software Mestre-C

(Cobas e Sardina, 2003).

3.3.4.2 Propriedades fisicas

Como parte da caracterizagdo dos liquidos i0nicos sintetizados, foram estudadas as propriedades
fisico-quimicas em estado puro ou em misturas com aldeidos, ésteres, metanol, etanol e dgua.
Entre as propriedades fisico-quimicas foram medidas a temperatura de degradacdo, densidade,

velocidade do som, viscosidade aparente e indice de refracao.

3.3.4.3 Calorimetria diferencial exploratoria

A calorimetria diferencial exploratéria (Differential Scanning Calorimetry, DSC) monitora os
efeitos do calor associados com as transi¢des de fase e reacdes quimicas em funcdo da
temperatura. Nos experimentos no DSC, a diferenca no fluxo de calor para a amostra e a
referéncia € baseada numa mesma temperatura, sendo que o fluxo de calor € registrada como
funcdo da temperatura. A temperatura da amostra e da referéncia ¢ aumentada a uma taxa
constante. Uma vez que o DSC opera a pressao constante, o fluxo de calor é equivalente as

mudancas de entalpia.

(&), .
dt), \dt), )

Aqui, dH/dt é o fluxo de calor medido em mcal sec™. A diferenca de fluxo de calor entre a

amostra e a referéncia €é:

A(d_Hj (d_Hj (d_Hj 32
dt P dt P.amostra dt P,Blanco

A variacdo (A) pode ser positiva ou negativa. Em um processo endotérmico, como a maioria das
transi¢des de fase, o calor € absorvido, portanto, o fluxo de calor para a amostra € maior do que o
de referéncia. Portanto, AdH/dt € positivo. Exemplos de processos endotérmicos sao a
desnaturagdo de proteinas, desidratacdo, reacdes de reducdo, e algumas reagdes de decomposicao.
Em um processo exotérmico, como cristaliza¢do, reacdes de oxidacdo, e algumas reacdes de

decomposicao, o AdH/dt é negativo.
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O calorimetro é composto por dois suportes, um para a amostra e outro para a referéncia, como
mostrado na Figura 3.12. Ambos sdo construidos com platina para permitir a operacdo em alta
temperatura. A amostra € selada em um pequeno compartimento de aluminio. A referéncia é&,
geralmente, um compartimento vazio e vedado. O compartimento da amostra armazena até
aproximadamente 15 mg de material e logo é colocada no suporte. No ambito de cada suporte
tem-se um aquecedor de resisténcia e um sensor de temperatura. As correntes sdo aplicadas aos
dois aquecedores para aumentar a temperatura na taxa selecionada. A diferenca na voltagem dos
dois suportes, necessdria para manter os suportes na mesma temperatura, € usada para calcular
AdH / dt. Um diagrama esquemdtico de um DSC é mostrado na Figura 3.12. Um fluxo de gas
nitrogénio ultra puro ¢ mantido sobre as amostras para gerar uma atmosfera reprodutivel e seca.
A atmosfera de nitrogénio também elimina a oxidacdo em ar das amostras para altas

temperaturas.
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Figura 3.12. Esquema de um DSC.

A amostra foi pesada em um compartimento de aluminio para ter uma massa entre 9 e 15 mg. Foi
usada uma balanca analitica com uma precisao de + 0,02 mg, Mettler-Toledo, modelo XP26. Um
recipiente vazio e sua tampa foram mantidos como referéncia durante a experiéncia. Assim,

pode-se obter o termograma na faixa de temperatura 20-550 ° C, com uma taxa de 10 ° C min™.
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3.3.4.4 Propriedades volumétricas

A fim de explorar a forca e a natureza das interagdes entre as espécies do liquido i6nico foi
calculado o raio molecular, r (Iloukhani e Rostami, 2007), a partir de dados de velocidade do som

e densidade.

2 1/2
p=M [ R M)y 3.3
p \pu 3RT

3b 1/3
r= 34
(167ZNAJ

Onde M ¢é a massa molecular, N4 € o numero de Avogadro, R e 7 sdo constantes universais.

Os ifons do liquido i6nico foram considerados como sendo de formato esférico. Portanto, o raio
efetivo dessas moléculas pode ser calculado utilizando a equacdo de Stokes-Einstein. Nessa
féormula, para o cdlculo da difusividade browniana a difusividade varia diretamente com a

temperatura absoluta e inversamente com a viscosidade e o raio molecular.

kT

D=
rézn

3.5

onde D € a difusividade browniana (m2 s'l), k é a constante de Boltzmann (J K'l), Té a

temperatura absoluta (K), 7 € 3,14159, 1 € a viscosidade do meio (Pa s) e r € o raio da molécula.

A difusividade foi obtida por experiéncias tipo DOSY nas técnicas de ressonancia magnética
nuclear. A comparagdo dos raios moleculares obtidos pelas equagdes de Stokes-Einstein e

termoacustica permite inferir a estrutura mais adequada do liquido idnico.

A fim de explorar a forca e a natureza das interagdes entre os compostos, foi determinado o
comprimento livre entre as superficies das moléculas (Jacobson, 1952), L, que pode ser obtido

por

Ly=2V,/Y 3.6

onde Y € a drea superficial molar e V,, € o volume molar disponivel, calculado por
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Y =36avv!3 3.7
V,=V-V, 3.8

Vo=v(-T1/T,)>? 3.9

Onde V, € o volume molar a temperatura absoluta zero, V € o volume molar a temperatura 7, e T,
€ a temperatura critica. Para os compostos com valores desconhecidos das propriedades criticas
experimentais, como no caso dos liquidos i6nicos, o método de Pandey et al. 2002 pode ser

aplicado para calcular o volume molar disponivel.

3.4. SOLUCOES CONTENDO LIiQUIDOS IONICOS
3.4.1.PROPRIEDADES FISICO-QUIMICAS

A densidade e a velocidade do som para as misturas foram correlacionadas por meio da seguinte

equagdo:

Z= i[(iajw jx{—lJ 3.10
i=0 \ \_j=0

onde Z € a densidade ou a velocidade do som da mistura, x; € a fracdo molar do solvente, p e g
sdo os graus do polindmio usado, B;; sdo os parAmetros ajustdveis do modelo, e 7' € a temperatura

absoluta.

O volume molar em excesso (V¥) e as variagdes na compressibilidade isentrépica (Jks) foram
calculados pelas seguintes equacoes:
E 11
VE=> M| ——— 3.1
i=1 P Pi
N
§KS :KS_inKSi 3.12
i=1
onde N é o nimero de compostos na solucdo, x; é a fracdo molar; M; é a massa molar; p; é a

densidade do composto puro i, p é a densidade da solugdo, xs é a compressibilidade isentropica

57



da solucdo, xs; € a compressibilidade isentrépica do componente puro i calculada com a equacao

de Newton-Laplace:

3.13

Onde p € a densidade da solucdo e u € a velocidade do som na solugdo.

As propriedades derivadas foram ajustadas pela equacdo de Redlich-Kister:

p q . .
Q12 = XXy — Z LZBUT]]()CI — Xy )l 3.14

i=0\ \_j=0

onde QO € o VE ou ds e as outras varidveis sdo as anteriormente citadas. O volume molar

aparente (¢y) e a compressibilidade isentropica molar aparente (g, cm® mol™ (TPa)™) para o

liquido i6nico foram calculados segundo:

oy = 1000(uj My 3.15
mpyp P
by, = 1000(Mj +Kgdy 3.16
mp

onde p € a densidade da solucdo, p; € a densidade do solvente, M, é a massa molar do liquido
ionico, m € a molalidade da solucdo, ks € a compressibilidade isentrépica da solugdo e xg; €
compressibilidade isentrépica do solvente. Essas propriedades derivadas foram correlacionadas
pela equagcdo modificada de Redlich—-Mayer, onde os parametros ajustdveis sdo dependentes da

temperatura:

O {i(ﬁ?ﬁj}i {i@FT’}mA" 3.17
j=0 i=o{ \j=0

. F -~ ~ . L, .
onde F representa qualquer propriedade molar aparente € @’ € @ sdo pardmetros ajustaveis.

O coeficiente de expansao térmica (@p) mostra a dependéncia do volume com a temperatura, e

esta definida como:
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1(dV dln p
_A[9V) 3.18
“p V(aTjP ( oT jp

3.4.2.EQUILIBRIO DE FASES

z

Antes de iniciar os experimentos para determinar o equilibrio liquido-vapor € necessdrio
desenvolver e validar a metodologia para obter os dados experimentais no ebulidmetro.
Primeiramente, a metodologia foi baseada no livro de Hala et al. (1967) e a experiéncia adquirida
no ebulidémetro tipo Othmer na estadia na Universidade Federal de Bahia (Alvarez et al., 2010b).
Neste item do trabalho foram feitas pesquisas em ebuliometros baseados no método de
recirculacdo dinamica, um tipo Othmer e principalmente no tipo Fisher. Estes tipos de
ebulidmetros, como € o caso do Fisher Labodest, ndo sdo tteis para sistemas de limitada
miscibilidade na fase liquida (Gomis et al., 2000). Além disso, a presenca de sistemas de

miscibilidade parcial levaria ao fendmeno do equilibrio trifasico liquido-liquido-vapor.

Neste trabalho, relatamos os dados de ELV a 101,3 kPa, para oito solu¢des bindrias com aldeidos
(propanal, pentanal), éster (acetato de metila, acetato de etila, acetato de propila) e etanol. Os
aldeidos e ésteres sdo de alta polaridade e solventes com ponto de ebuli¢do moderado usados em
uma variedade de aplicacOes de engenharia. Os liquidos i0nicos utilizados foram baseados no
cation imidazolio e amdnio. Dados para estes sistemas contendo um liquido i6nico ndo estdo

disponiveis na literatura.

Os dados foram modelados termodinamicamente por duas maneiras diferentes, correlacdo e
predi¢do, utilizando a equacao de estado de Peng-Robinson (Peng e Robinson, 1976) e a regra de
mistura de Wong-Sandler (Wong e Sandler, 1992). Na correlacao (Alvarez e Aznar, 2008b),
foram usados os modelos de energia livre de Gibbs em excesso de NRTL (Renon e Prausnitz,
1968) e UNIQUAC (Abrams e Prausnitz, 1975) e, na predicdo, foi usado o modelo COSMO-
SAC (Lin e Sandler, 2002).

3.4.2.1.  Equilibrio liquido-vapor a baixas pressoes
a) Validacao do Procedimento Experimental

Os liquidos i6nicos s@o solventes higroscopicos e apresentam viscosidade e tensdo superficial

maiores que os solventes comuns (Welton, 1999). Por estes motivos, uma nova metodologia
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experimental foi desenvolvida e validada para a determinacd@o da curva de calibragdo e dos dados
do equilibrio liquido-vapor. O sistema bindrio etanol + etilsulfato de 1-etil-3-metilimidazdlio foi

selecionado para ser reproduzido (Calvar et al., 2008).

b) Metodologia

Como primeira etapa, foram preparadas solugdes bindrias de 12 ml, cobrindo todo o intervalo de
composi¢des, do sistema etanol + etilsulfato de 1-etil-3-metilimidazélio. As solucdes foram
preparadas dentro da caixa de acrilico descrita na secdo 2.4.4, sob atmosfera seca de nitrogénio.
Foram feitas medicdes do indice de refracdo (refratometro Mettler-Toledo D41) destas solucdes,
podendo-se construir curvas de calibragdo relacionando a composicio molar e o indice de

refracdo da solugdo.

Logo, foram determinados os dados do equilibrio liquido-vapor no ebuliometro Fischer Labodest.
Comeca-se o procedimento com solvente puro, seguido da adi¢do sucessiva de quantidades
conhecidas de liquido i0nico para cada ponto experimental, a fim de cobrir o maior intervalo de
composi¢oes. Em cada experimento, ao atingir o equilibrio, foram retiradas amostras das fases de

vapor e liquido e logo determinada a composicao pelas curvas de calibragao.

¢) Procedimento experimental no ebuliometro

1 O banho termostatico € ligado para manter 283,15 K nos condensadores do ebuliometro por 30

minutos antes de colocar a amostra.

2 No ebulidometro sdo colocados aproximadamente 110 ml de solvente puro. Esse volume pode
variar de 90 ml até 110 ml, para permitir recirculacdo da fase liquida, ao ser aquecida a

amostra.

3 Fecha-se todas as valvulas e adiciona-se nitrogénio até atingir o deslocamento adequado no

mandmetro para obter 101,3 kPa de pressao.

4 Inicia-se a agitacdo do liquido, aos 3% da maxima velocidade que agita a solucdo. Logo, o
aquecimento ¢ aumentado lentamente a cada 10 min até observar ebuli¢cdo do solvente puro. O

liquido e vapor deve fluir através da bomba Cottrell, para garantir uma troca intensa de
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material das fases. A fase vapor € condensada e ambas as fases sdo recirculadas ao recipiente

original.

5 Manter constante a taxa de gotejamento do vapor condesado, em duas gotas por segundo

durante todo o experimento, através do aumento ou disminui¢c@o do calor fornecido.

6 A recirculacdo da fase liquida pode ser observada como gotejamento mais intenso que a fase
vapor com finos fios liquidos. No caso de ndo ser observada a recirculagdo da fase liquida,
aumentar o volume da amostra até obter recirculacdo. No caso de observar a recirculacdo de

quantidades grandes de liquido, retirar liquido até observar goteiamento na recirculagdo.

7 As condig¢des do equilibrio podem ser supostas quando a vazao de recirculacdo das duas fases,
a temperatura e a pressdo permanecem constantes durante 30 minutos. Essas condi¢des podem
ser atingidas ao manter a pressao do sistema e a taxa de gotejamento do vapor condensado

constantes durante 30 minutos. Logo, sdo retiradas amostras da fase vapor e liquida.

8 As amostras foram retiradas utilizando seringas diretamente do liquido de ambas as fases, uma

para a fase vapor condensado e uma para a fase liquida.

9 Logo é retirado 1 ml do liquido contido no ebuliometro e adiciona-se 1,5 ml de liquido i6nico
purificado utilizando seringas. Repetir os passos 3 a 9, até obter uma solugdo, na qual nado é
possivel estabilizar a temperatura. Recomenda-se fazer os experimentos de maneira
ininterrupta, em toda a faixa de composi¢des, parar evitar reiniciar o ebulidbmetro com a

amostra estagnada, que origina superaquecimento na mistura.

Durante a obten¢do dos dados, no intervalo de baixa concentracdo do solvente volatil, a
temperatura € alta e torna-se instdvel, e o liquido idnico poderia se decompor. Assim, as
experiéncias do ELV foram realizadas enquanto a temperatura de equilibrio manteve-se estdvel

(Calvar et al., 2008).

A determinacdo das composi¢des das duas fases em equilibrio foi feita por refratometria,
utilizando um refratdbmetro digital e a curva de calibragdo adequada para cada sistema bindrio.
N3ao foi utilizado densimetria por duas razdes: pouca quantidade de amostra (<0,5 ml) € retirada

do ebuliometro e amostras viscosas contém muitas bolhas que atrapalham a correta medicao.
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d) Sintese e purificaciao dos liquidos ionicos

Dos liquidos i0nicos inicialmente propostos no projeto de doutorado, s6 um deles foi solivel nos
aldeidos e nenhum deles foi soldvel nos ésteres. A motivagdo principal para esta etapa foi a
necessidade de se obter misturas bindrias totalmente soltiveis nos ésteres e aldeidos propostos no
projeto. De acordo com a experiéncia adquirida no estdgio na Universidad de Santiago de
Compostela, decidiu-se pela sintese, purificagdo e caracterizagdo de liquidos i06nicos préticos.
Essa familia de liquidos i6nicos foi escolhida por ser pouco estudada na literatura. Inicialmente,
foram sintetizados quatro liquidos i0nicos para testes de solubilidade com os aldeidos e ésteres,
acetato de 2-hidroxietilamonio (2-HEAA), acetato de N-metil-2-hidroxietilamonio (m-2-HEAA),
propionato de N-metil-2-hidroxietilamonio (m-2-HEAPr) e butirato de N-metil-2-
hidroxietilamonio (m-2-HEAB). Destes liquidos idnicos, apenas o ultimo, m-2-HEAB,
apresentou solubilidade com o acetato de metila e acetato de etila. Por isso, apds uma anélise da
estrutura molecular dos liquidos idnicos obtidos, optou-se por sintetizar, purificar e caracterizar
um quinto liquido idnico que fosse solivel nos ésteres, o hexanoato de N-metil-2-
hidroxietilamonio (m-2-HEAH), o qual foi soldvel a temperatura ambiente nos trés ésteres
estudados, mas ndao nos aldeidos. A metodologia da sintese, purificacdo e caracterizacdo dos

cinco liquidos i0nicos € apresentada na se¢do 2.4.2.

e) Testes de solubilidade

O objetivo desta etapa foi determinar os sistemas completamente misciveis (solugdes) para a

posterior determinagdo dos dados do equilibrio liquido-vapor.

Foram preparadas misturas bindrias de liquidos i6nicos e solventes, sendo as massas iguais a 3 g
de cada composto. As misturas foram preparadas em frascos de 12 cm’, agitadas com um
agitador magnético durante 2 horas e mantidas em repouso durante 6 horas a 298,15 K e 323,15
K. Logo a solubilidade das misturas € constatada por inspe¢do visual. As misturas completamente

misciveis apresentam uma unica fase limpida.

f) ELV dos sistemas binarios aldeido ou éster + liquido ionico

O objetivo desta etapa foi determinar o equilibrio liquido-vapor das solu¢des bindrias totalmente
soliveis. A saber, sistemas bindrios aldeido (propanal ou pentanal) + etilsulfato de 1-etil-3-

metilimidazdlio, éster (acetato de metila, acetato de etila ou acetato de propila) + butirato de N-
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metil-2-hidroxietilamonio, e éster (acetato de metila, acetato de etila ou acetato de propila) +

hexanoato de N-metil-2-hidroxietilamonio, a pressao de 101,3 kPa.

Propanal, pentanal, acetato de metila, acetato de etila, acetato de propila e etilsulfato de 1-etil-3-
metilimidazdlio foram adquiridos da Sigma-Aldrich. Os liquidos i6nicos m-2-HEAB e m-2-
HEAH foram sintetizados dentro deste trabalho, como descrito anteriormente. A pureza dos
aldeidos e ésteres foi informada pelo fabricante como 99,5% (em massa) e foi verificada com a
medi¢do da densidade. Estes compostos foram utilizados sem maior purificacdo. A pureza do
liquido i6nico [emim]*[EtSO4]" foi de 95% (em massa); a pureza do m-2-HEAB e m-2-HEAH
foram maior que 97% (em massa) segundo dados de RMN. A tinica purificacdo feita nos liquidos
i6nicos foi a desidratacdo. Os liquidos i0nicos foram desidratados a pressdo absoluta de 70 Pa
durante 40 horas com armazenagem de nitrogénio, antes de cada uso, como descrito nas se¢des
anteriores. Os dados experimentais foram modelados com a EdE de Peng-Robinson e a regra de

mistura de Wong-Sandler.

3.4.2.2.  Equilibrio liquido-vapor a altas pressoes

A parte experimental do ELV a altas pressdes foi feita pelo grupo do professor Dr. Jodo
Coutinho. As experiéncias foram feitas numa célula de equilibrio de alta pressdo desenvolvido
com base na concep¢do de Daridon e colaboradores (Vitu et al., 2008), que consiste de um
cilindro horizontal oco de aco inox, fechado em uma extremidade por um pistao mével e na outra

extremidade por uma janela de safira. O procedimento experimental utiliza o método sintético.

3.4.2.3.  Equilibrio liquido-liquido

A determinacdo do equilibrio liquido-liquido utiliza a metodologia experimental baseada na
determinagdo dos pontos de névoa e linhas de amarra¢do, como apresentado por Oliveira et al.
(2010). Esta metodologia de obtencdo dos pontos de névoa € uma aplicacdo cldssica na
determina¢cdo do equilibrio liquido-liquido (Maduro, 2009). No sistema ternério, é feito um
mapeamento da regido bifdsica, limitada pela curva binodal. A curva € obtida pela titulacdo de
uma solucdo bindria com o terceiro componente do sistema, até o surgimento da segunda fase,
observado na turbidez permanente da mistura. Inicia-se com uma composi¢do conhecida da

solucdo bindria, inserida na célula de equilibrio, onde a temperatura é mantida constante. As

massas sdo pesadas dentro da propria célula e a solu¢do bindria € colocada sob agitacdo. O
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terceiro componente € adicionado gota a gota por meio de uma seringa a solucao bindria, até que
o sistema terndrio se torne levemente turvo e permaneca assim durante mais de 30 min., isto € o
ponto de névoa. Entdo, mede-se a massa do terceiro componente que foi adicionada e calcula-se a
composi¢ao da mistura terndria obtida. Coleta-se uma amostra desta mistura no ponto de névoa e
mede-se a(s) propriedade(s) de interesse. Com a determinacdo de vérios destes pontos pode-se
determinar uma curva de calibracdo, que relaciona a variacao da propriedade fisica medida com a

composi¢ao do sistema na curva binodal.

Em seguida, para determinar as linhas de amarragao, sao escolhidos pontos aleatérios dentro da
regido bifésica delimitada pela curva binodal, determinada com o método anteriormente descrito.
A vantagem de conhecer a regido bifasica é que se pode estimar, pela regra da alavanca, um
ponto da mistura que, apds a separagdo, se dividird em duas fases de quantidades similares. A
massa de cada componente é medida diretamente no interior da célula de equilibrio. A
continuacdo, cada sistema liquido € agitado com um agitador magnético por 12 horas. Apds a
agitacdo, o sistema € deixado em repouso por 24 horas, tempo suficiente para uma separacao em

duas fases limpidas, ocorrendo o equilibrio liquido-liquido.

A amostragem de cada fase é feita com seringas e agulhas a temperatura ambiente. Foram
retiradas trés aliquotas de cada fase para obter um valor médio das propriedades fisicas
necessdrias na curva de calibragdo. Os experimentos foram conduzidos a pressdo atmosférica de

Campinas, o qual tem o valor médio de 95 kPa (CEPAGRI, 2010).

A composicdo das fases obtidas é determinada pela curva de calibracdo, que relaciona uma ou
duas propriedades fisicas com a composi¢do. Nos sistemas terndrios utilizam-se duas curvas de
calibracdo (duas propriedades) para resolver um sistema de duas incdgnitas e determinar a
composi¢do. Entretanto, as composicdes dos componentes do sistema terndrio podem ser funcao
de uma unica propriedade fisica (Letcher e Siswana, 1992; Briggs e Cummings, 1943; Oliveira et
al., 2010). Esta metodologia permite utilizar a composi¢cdo dos pontos de névoa como a curva de
calibracdo, ja que os pontos de névoa coincidem com os extremos das linhas de amarragdo. Este

método, ja validado, foi utilizado no projeto. A propriedade a utilizar foi o indice de refragao.
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3.5. ALGUMAS APLICACOES DOS LIiQUIDOS IONICOS
3.5.1 SEPARACAO DO AZEOTROPO ETANOL + AGUA.

Normalmente, para produzir etanol anidro por destilacdo extrativa, o agente liquido para a
separacdo (o entrainer) € o benzeno. Esta operacdo € energeticamente favordvel, mas tem
condicdes de saude perigosas e controle operacional instavel. Outros agentes liquidos utilizados
na destilagdo extrativa, tais como furfural, pentano, éter etilico, etileno glicol e tolueno, foram

limitados pela legislacdo ambiental (Ligero e Ravagnani, 2003).

Outra variante da destilacdo extrativa € a utilizacdo de um entrainer salino (sal ndo volatil), como
o cloreto de cdlcio e acetato de potdssio, que € introduzido no platd superior da coluna de

destilacdo, desce através das placas e € removida nos produtos de fundo.

Recentemente, a investigacdo crescente se dirige para avaliar e aplicar liquidos idnicos como
agentes de separacdo. Assim, o liquido i6nico pode ser utilizado como um entrainer adequado no
processo de destilacdo extrativa, e pode ser superior ao entrainer comumente usado devido a sua

baixa volatilidade e baixa corrosividade.

Metodologia

No primeiro trabalho, o processo de destilagdo extrativa foi simulado e otimizado com o software
HYSYS ®. O equilibrio liquido-vapor para o sistema foi calculado pelo modelo termodinamico
NRTL, cujos parametros de interagdo foram obtidos da literatura. O planejamento experimental
foi utilizado em combinagdo com a modelagem e a simulagdo para determinar as condig¢Oes
operacionais que minimizem o gasto energético no refervedor. Os resultados das simulagdes
mostraram que ambos, os agentes de separagcdo apresentam similar gasto energético para produzir

etanol de alta pureza, mas o liquido idnico permite produzir etanol sem contaminantes.

No segundo trabalho, os dados de ELV foram medidos usando um ebuliometro de equilibrio
liquido-vapor tipo Othmer, com recirculacdo em ambas as fases (Océn e Espantoso, 1958, Resa
et al., 2004). A Figura 3.13 mostra o ebulidmetro modificado de Othmer. Um termdmetro modelo
Yokogawa 7563 e um sensor de platina Pt100 foram usados para medir a temperatura da célula,
com uma incerteza de + 0,07 K. O dados obtidos pelo termoémetro e o sensor foram padronizados

pelo Laboratério de Metrologia da Universidade Federal da Bahia, certificada pelo Instituto
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Nacional de Metrologia, Normalizacao e Qualidade Industrial INMETRO). Para a medi¢do de
pressdo foi utilizado um mandmetro diferencial de tubo em U contendo glicerol, com uma
precisdo de + 0,01 kPa. O nitrogénio foi injetado no ebulidmetro para manter uma pressao
constante de 101,32 kPa, de acordo com a pressdo local do laboratério. A pressdo local foi
calculada pela diferenca de altitude com a estacdo meteorolégica localizada no Aeroporto
Internacional de Salvador. O volume total do ebulidmetro € aproximadamente de 720 cm’, dos
quais aproximadamente 360 cm’ foram ocupados pela solucdo liquida. O ebulidmetro foi
aquecido através de uma bobina de resisténcia controlada por um transformador de tensdo Variac.
Durante a operacdo, uma soluc¢do liquida foi colocada na cdmara de ebuli¢do e logo foi aquecida.
A mistura de vapor e liquido contida na camara de ebuli¢do € levada até a camara de equilibrio,
onde o vapor e as fases liquidas sdo separados apds fluir diretamente ao longo da haste do
termOmetro. O vapor é condensado no condensador e retorna até a cimara de mistura. O
equilibrio foi atingido normalmente em aproximadamente 30-60 minutos, conforme indicado
pela temperatura constante do ponto de ebulicdo. O sistema foi mantido em equilibrio por

aproximadamente 1 h, e em seguida, amostras de vapor e liquido foram retiradas.

Figura 3.13. Foto do Ebulidmetro tipo Othmer.
3.5.2 ABSORCAO DE CO, EM UM FLUXO DE GAS.

O potencial dos liquidos i6nicos para aplicacdo industrial na captura de CO, e processos de

separacdo de gds é amplamente reconhecida. Esta secdo estuda a solubilidade a altas pressoes e a
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absor¢do a baixas pressdes de CO, em liquidos i6nicos. Dentro do grupo enorme de liquidos
i0nicos existentes, aqueles baseados em bases conjugadas de 4cidos carboxilicos parecem ser

particularmente promissores.

As operagdes industriais onde um ou mais componentes de uma fase gasosa sdo absorvidos em
uma fase liquida sdo comuns nas industrias de processo quimico. Em muitos casos, esse contato é
util para alcancar as reacdes desejadas entre os componentes de ambas as fases. Reatores de
borbulhamento t€m um amplo leque de aplicagdes em quimica, bioquimica e farmacéutica (Lee e
Tsui, 1999), devido ao contato efetivo que tem o géds com a fase liquida, para realizar as reacdes
quimicas. A transferéncia de massa do gds em um liquido é geralmente a velocidade limitante.
Nesses processos, a maioria dos compostos utilizados na fase liquida sdo fluidos ndo-
newtonianos. Sabe-se que o coeficiente volumétrico de transferéncia de massa ky,, € um dos

parametros mais importantes que regem o desempenho dos reatores gas-liquido.

Metodologia

No primeiro trabalho, o ELV a altas pressdes foi determinado para uma mistura binaria de CO,
supercritico + LI prético, e logo para a mistura ternaria CO, supercritico + CH4 supercritico + m-

2-HEAA. A metodologia experimental foi implementada pelo grupo do Prof. Coutinho.

No segundo trabalho, uma investigacdao experimental é realizada para avaliar a capacidade de
dois liquidos idnicos, formato de 2-hidroxietilamonio (2-HEAF) e formato de N-metil-2-
hidroxietilamonio (m-2-HEAF), para a absor¢io de CO,. Os estudos de absorcdo foram
realizados em uma coluna semi-continua de gés-liquido. Os valores dos ki, sdo obtidos para

vérias velocidades do fluxo gis e diferentes temperaturas.

O conjunto de aparelhos utilizado para a absor¢do de CO, em liquidos i6nicos € mostrado na
Figura 3.14, e consiste principalmente de um tubo de vidro rodeada de mangueiras de silicones
para manter a temperatura desejada utilizando um fluxo de 4dgua. A temperatura da dgua foi
controlada por meio de um banho termostatico com uma exatidao na temperatura de + 0,1 K. Um
sensor PT100 (Senso term II, J.P. Selecta) com uma exatidao de + 0,1 K foi utilizado para medir
a temperatura do sistema. O gas CO, foi introduzido através de 95 ml de liquido idnico carregado
no tubo de vidro. Existem chaves para a alimentacdo e saida de CO,. A velocidade do fluxo de

gds que ingressa foi medida com um aparelho Control Electronics 0154 (Brooks Instruments), o
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qual tem uma precisdo de 0,01 ml CO,/min. A velocidade do fluxo do géds de saida foi medida
com um aparelho ADM 2000 (Agilent), o qual tem uma precisdo de +0,1 ml CO,/min. A
concentracdo de CO, absorvido nos liquidos idnicos foi determinada para 288,2 K, 298,2 e 308,2

K a pressdao ambiente (= 100 kPa), e duas velocidades de fluxo (149 e 199 ml/min).

1“'1 il 4 1 F :E' b ¥ ' '.gll :I.'.;:.-‘.

Figura 3.14. Foto dos aparelhos utilizados para medir a absor¢cdo de CO, nos liquidos i6nicos.
Cada experimento foi feito em triplicata com um desvio padrao de + 1,5 ml/min na velocidade de
fluxo do CO,, A absorc¢do atingiu um quase equilibrio (valores quase constantes do fluxo de saida
de CO,) e depois de varias horas nesse equilibrio, o experimento foi finalizado. O efeito da dgua
nos liquidos idnicos também foi estudado e foram feitos trés ciclos de absorc¢do e desorcdo para

estudar a perda da habilidade de absorcao de CO, nos liquidos i6nicos.

A quantidade de gds absorvido pode ser determinada com a medida da taxa de gds que ingressa e
sai no sistema para um fluxo de gas puro. Se for conhecida a vazdo do gis, em sistemas de baixa
pressdo, pode-se aproximar o fluxo méssico por:

PV

F =8¢ 8% 3.19
RT

onde F € o fluxo massico em mol/min, P € a pressdo do gas, Vs € a vazdo do gas em ml/min, 7' é

a temperatura absoluta e R a constante geral dos gases. Assim, a diferenca entre o fluxo massico
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que ingressa e o fluxo massico que sai do reator origina o fluxo mdssico absorvido no sistema

(4F). Assim, em um intervalo de tempo ¢, a quantidade de gés absorvido é:

gds absorvido= j AF (t)dt 3.20
0

O procedimento para determinar o coeficiente volumétrico de transferéncia de massa € baseado
na medi¢ao da quantidade de gas absorvida por unidade de tempo e unidade de volume de acordo
com a seguinte equacdo (Vazquez et al., 1997):

dC R

—=k,a(C -C) 3.21

dt

onde C” é a concentracio interfacial do composto gds na fase liquida no equilibrio (ou seja, a

solubilidade do gés na fase liquida) e C € a concentracdo de di6xido de carbono no liquido, que é

calculado a partir dos dados experimentais de taxa de absor¢ao,

In C— =k, at 3.22
c -C

Integrando a Equacgdo 3.21, a Equacdo 3.22 foi obtida. Entdo, plotando In [C* / (C* - C)] contra o

tempo e ajustando aos dados uma linha reta que passa pela origem, e o coeficiente angular € ki,

sendo independente do tempo nas condi¢des deste trabalho. A concentracdo de diéxido de

carbono na maior parte do liquido aumenta com o tempo até a fase liquida ficar quase saturada.

3.5.3 DESSULFURIZACAO DO PETROLEO

Na industria do petréleo, combustiveis com baixo teor de enxofre costumam ser obtidos através
do processo de hidrodessulfurizagao (HDS), que consiste em uma hidrogenacao catalitica a altas
temperaturas e pressdes. Embora o processo HDS tenha-se mostrado efetivo na remocdo do
enxofre na forma de sulfurosos alifdticos, a sua eficiéncia encontra-se limitada pelas cada vez

mais severas condi¢des operacionais e o alto custo energético envolvido (Alonso et al., 2008).

Os estudos que tratam da remocdo do enxofre no dleo diesel envolvem a contaminacdo de
alcanos (6leo diesel modelo) com um composto sulfuroso e a remocao deste com alguma técnica.

Em alguns casos é utilizado 6leo diesel real, contaminado com enxofre, onde as técnicas
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utilizadas apresentam resultados menos eficientes na remoc¢ao do composto sulfuroso (Gao et al.,
2009). Os estudos mais interessantes na literatura mostram a dessulfurizacdo de um 6leo modelo
contaminado com compostos aromadticos sulfurosos refratdrios ao processo HDS (Egorova e
Prins, 2004), como o dibenzotiofeno (DBT), 4-metildibenzotiofeno (4-MDBT) e o 4,6-
dimetildibenzotiofeno (4,6-DMDBT) (Oliveira, 2009).

Assim, a extracdo liquida do enxofre de um combustivel é um processo onde o soluto (composto
sulfuroso) tem preferéncia pelo solvente em relacdo ao diluente (combustivel). Na literatura
existem alguns trabalhos sobre a extracdo de compostos sulfurosos do 6leo diesel (geralmente um
6leo modelo) com liquidos i6nicos, geralmente a condi¢des de operagdo mais brandas do que
HDS (Francisco et al., 2010). Assim, estes estudos mostram que esta alternativa pode ser vidvel

como complemento a HDS num processo de dessulfuriza¢ao profunda.

Este trabalho sintetizou liquidos i0nicos préticos biodegradaveis e visando a maxima
dessulfurizacdo do 6leo diesel modelo, foram testados trés liquidos idnicos. Os dados de remogao
de DBT foram confirmados por experimentos de equilibrio liquido-liquido no sistema terndrio

liquido i6nico + aromaético sulfuroso (DBT) + 6leo diesel modelo (n-dodecano).

Metodologia

O n-dodecano foi utilizado como 6leo diesel modelo, o dibenzotiofeno foi empregado como

aromaético sulfuroso e liquidos i6nicos proéticos foram usados como solventes.

Os experimentos foram feitos em células de equilibrio liquido-liquido (Figura 3.15), como ¢
sugerido por Sandler (2006). A temperatura das células foi mantida por um banho termostético

Tecnal TE-184 com uma precisao de +0,1°C.

O método do ponto de névoa de Letcher e Siswana (1992) foi utilizado para determinar a curva
binodal na fase rica em liquido i6nico, e por gotejamento de n-dodecano a uma solugdo binéria de
concentracdo conhecida de DBT + m-2-HEAB até obter turbidez perene no tempo. Logo, o
indice de refragdo (np) da fase idnica foi medido em triplicata com um refratdmetro digital
Mettler-Toledo RE 40D, para determinar as curvas de calibracdo concentragdo-indice de refracao.

O indice de refracdo da solucdo bindria n-dodecano + DBT foi obtida de Oliveira (2009).

70



Nas experiéncias de equilibrio de fases, misturas terndrias de composi¢do conhecida dentro do
intervalo de imiscibilidade foram preparadas pesando os componentes dentro da célula de
equilibrio. A massa adicionada foi medida com uma balanga analitica Shimadzu AX200, que tem
uma precisdo de + 1x10™ g. As misturas foram agitadas com um agitador magnético Fisatom 752
durante 12 horas, para permitir o contato entre as fases. Depois de 24 horas em repouso sio
formadas duas fases limpidas em equilibrio. Cada fase formada foi analisada por meio do indice

de refracdo; a média das triplicatas foi usada para calcular a composi¢ao de cada fase.

Figura 3.15. Foto de trés células em série para determinar o ELL, com mistura sob agitacao.
3.6. EQUACOES UTILIZADAS

Para a simulacdo de processos quimicos como, por exemplo, destilacio ou extragdo liquido-
liquido, no qual o equilibrio de fases tem que ser conhecido, esse conhecimento do
comportamento real de misturas é de grande importancia. Além disso, a predi¢cdo do
comportamento € importante, j& que nem sempre € possivel obter todos os dados experimentais
da mistura de interesse nas condi¢des de temperatura, de pressdao e de composi¢do relacionadas
ao estudo. Sendo assim, € necessario utilizar modelos fenomenolégicos especificos com os dados
experimentais disponiveis e de confianca para obter a melhor interpolacdo e extrapolacdo dos

dados.

De uma forma geral, o equilibrio de fases é representado pela condi¢do de isofugacidade, quer
dizer, as fugacidades de cada um dos componentes na mistura devem ser iguais ao longo de todas

as fases (m). Esta condic@o pode ser representada por:
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—1 )i — 1 )i —7r T
f(T.P.x"y=f. (T.P.x")=..= f (T.P,x") 3.23

As fugacidades sdo geralmente representadas pelo coeficiente de fugacidade (¢), quando ha uma

fase vapor envolvida, ou pelo coeficiente de atividade (y), quando ha uma fase liquida envolvida.

3.6.1.MODELAGEM DAS CARACTERISTICAS DE SOLVATACAO

A relacdo entre a constante de Henry e as caracteristicas de solvatagdao pode ser dada pela energia
de Gibbs. A energia de Gibbs de solvatacdo corresponde a mudanca na energia de Gibbs quando
o soluto € transferido, a uma temperatura constante, desde o estado do gés ideal puro a pressao
normal para o estado padrao de dilui¢ao infinita do soluto no solvente, sendo dada por (Letcher,

2007).

A G=RTIn(H/p") 3.24

sol

onde p° € a pressdo do estado padrdo. As diferengas parciais molares de entalpia e entropia entre
os dois estados podem ser obtidas através do cédlculo das derivadas parciais correspondentes da

energia de Gibbs com respeito a temperatura.

d
A, H= —Tza—T(Am,G/T)P 3.25
oA,,,G
A,,S=—(—2— 3.26
sol ( aT )P

Assim, com os resultados para a constante de Henry de CO, em diferentes liquidos i6nicos foram

correlacionados em fun¢ao da temperatura por uma equagao empirica do tipo:

In(H,,/p°)= AGJ +B 3.27

onde os coeficientes A e B s@o obtidos por regressao dos dados. Assim o efeito da temperatura
sobre a solubilidade do CO, pode ser relacionada com a entropia parcial molar e a entalpia
parcial molar de solvatacdo (Hildebrand e Scott, 1970) e pode ser calculado a partir de uma

adequada correlacdo (Equagdo 3.27) das constantes de Henry:

G/T), =RA 3.28

sol sol

A H=-T"? i(A
oT

72



A
§=—%2uC) __pp 3.29

Asol aT

A entalpia parcial molar de solvatacdo dd uma indicacdo da for¢ca de interacdo entre o géas e o
liquido i6nico, enquanto que a entropia molar parcial indica a quantidade de ordem presente na

mistura gas-liquido i6nico.

3.6.2.MODELAGEM USANDO O COEFICIENTE DE FUGACIDADE

As mais comuns e industrialmente importantes EdEs sdo as equacgdes ctibicas derivadas da EdE
de van der Waals. Entre elas, a EdE de Peng-Robinson provou combinar a simplicidade e a
precisdo necessdria para a predi¢do e correlagdo de propriedades volumétricas e termodindmicas
de fluidos, embora possam ser apresentados problemas na aplicacao da EdE de PR aos sistemas

perto do ponto critico. A EdE de PR é:

P:f-Tb_V(V+b)ib(V-b) 330
a=a,a) a, =0.457235(RT, /P, )’ b=0.077796(RT. /P.) 331
a) =1+ FIl-T")f  F=037464+1.542260- 026992’ 3.32
onde 7, é a temperatura reduzida e @¢é o fator acéntrico de Pitzer. Para misturas tem-se:

RT n 3.33

P= ;
V-b, V(V+b,)+b,(V-b, )

m m

As constantes a,, e b, sdo expressos em funcdo da concentra¢do dos diferentes componentes da
mistura, através de regras, chamadas regras de mistura. Neste trabalho, a regra de mistura usada

foi a de Wong-Sandler

LT[

b, =— = J 3.34
x.d..
1_ L _ Lad
lzbﬁRT QRT
x.a. AF
a, =b,| > T4 3.35
m m |:lz bﬁ Q :|
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(b—ij _burb,)_d-k )‘Va”“ff 3.36

RT ), 2
nessas equagdes, a,, € b,, sdo as constantes da EdE, Q = 1n(\/2—1)/ V2 para a EdE de PR, e Af ,a

energia livre de Helmholtz em excesso ao limite da pressdo infinita. Assumindo que A’ ~AS

~G!, onde G, € a energia livre de Gibbs em excesso ao limite da pressdo zero, essa pode ser

calculada usando um modelo do coeficiente de atividade, tal como NRTL ou UNIQUAC. As

variaveis a;; € b;; sdo as constantes da EdE, definidas como:
a, =0.457235(RT. /P P 1+ F(L-T°)], F=037464+1.542260-0.269920" 3.37

b, =0.077796(RT./P,) 3.38

onde T, é a temperatura reduzida, 7. € a temperature critica, P, € a pressdo critica e @ € o fator

acéntrico de Pitzer.

3.6.3.MODELAGEM UTILIZANDO O COEFICIENTE DE ATIVIDADE

O coeficiente de atividade estd relacionado com o arranjo molecular na solugdo, incluindo
também a formagdo ou quebra das ligacdes no processo de mistura das espécies puras,
determinando assim as interagdes moleculares. Do mesmo modo, ele define as formas das curvas
de equilibrio e ha diversos modelos que podem representa-lo; alguns deles serdao mostrados mais

adiante. A introducdo do coeficiente de atividade na Equacao 3.23, resulta em:

Y (TP, x")x! (T, PY=y" (T, P.x")x" {"(T,P)=...= ¥/ (T,P,x")x] f"(T,P) 3.39
Tendo cada espécie na fase liquida a temperatura do sistema, tem-se:
vy (T, P, x")x! =y (T, P,x")x/" =...= y" (T,P,x")x] 3.40

Junto com as restricoes, Z)cl” =1, constituem o sistema bdsico de equagdes para o cdlculo do

ELL.

Para o célculo ou correlagiao do equilibrio liquido-liquido, que inclui o coeficiente de atividade, é
necessario usar uma expressao para a energia livre de Gibbs em excesso como uma fungdo da

temperatura e composi¢ao, a qual relaciona o coeficiente de atividade a fracdo molar.
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Dados de equilibrio para sistemas que envolvem compostos sulfurosos e liquidos idnicos sdao
escassos. Assim, modelos de predicdo que nio requerem ajuste de parametros baseados em dados
experimentais sao de crucial importancia. Nesse contexto, a simulacdo molecular pode ser muito

util para predizer as propriedades PVT de compostos arométicos (Aparicio et al., 2007).

3.6.4. MODELOS PARA A ENERGIA LIVRE DE GIBBS EM EXCESSO
a) Correlacao dos dados

O modelo NRTL (rnon random, two liquid) utiliza o conceito da composicao local para expressar
a dependéncia do coeficiente de atividade com a composicdo. Esta idéia considera que as
moléculas presentes em um sistema liquido ndo se encontram aleatoriamente distribuidas, mas
que existe certa ordem (ndo aleatoriedade). Esta ndo aleatoriedade, que € fruto das interagdes
existentes entre as moléculas, provoca o surgimento de regides com composi¢do diferente da
composi¢do global do sistema; daqui a expressdo “composicdo local”. As equacdes do modelo

NRTL para o célculo do coeficiente de atividade em sistemas multicomponentes sao:

>.7,Gx, LG { > x,7,G,
Iny, = L - 3.41
7 Zth‘xk ZJ: Zijxk { ! szjxk
k k k
Ag..
7, = RgTU (c, % 2,) 342
G, = expl- aijz'l.j) (aij = ji) 3.43

Este modelo apresenta trés pardmetros ajustdveis para cada par bindrio (Agy, Agji € o). Os

parametros Ag;; e Agj; estdo relacionados a energia caracteristica da interagdo entre as moléculas

do tipo i e j, enquanto o parametro «; esta relacionado com o grau de ordem (ou nao
J ij

aleatoriedade) da mistura.

Outro modelo para o coeficiente de atividade baseado no conceito da composi¢do local, mas que
tem base na Mecénica Estatistica é o modelo UNIQUAC (UNIversal QUAse-Chemical). Abrams
e Prausnitz (1975) desenvolveram uma equagdo que, de alguma maneira, € uma extensdo da
teoria quase-quimica de Guggenheim para moléculas ndo-randomicas a misturas contendo

componentes de diferente tamanho. A equacio UNIQUAC para G* consiste em duas partes: uma
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parte combinatorial, que descreve as contribui¢cdes entrépicas dos componentes, € uma parte
residual, que expressa as forcas intermoleculares que sdo responsaveis pela entalpia de mistura.

Para um sistema multicomponente, a equacdo UNIQUAC é a soma das duas parcelas:

gE = gEcomb + gEres 3.44
Bcoms =3x 1n¢i+iz xIn 2 3.45
RT - i X, 2 : qiXi q);k '

gE
ﬁZ—ZQ'ixi In 29'1 le' 3.46

i J
onde as fracdes de segmento e as fracdes de drea estdo dadas por:

1
& = X 9. = q;x; q;X

i i 0'[ = ' 3.47
Z_rjxj quxj Zq iX
J J J

O ndmero de coordenagdo z é fixado como 10, e, para qualquer componente i, o coeficiente de
atividade € dado por:

%

o 6. o 6
Iny =In—+=gIn—+] —-Y xI. —¢' . In| 8.7, |+q' —q' > ——— 3.48
71 Xi 2q1 q)l* i .Xi ; JoJ qz (; Jj ﬁJ qz ngze,krkj
k

zjzg(rj—qj)—(rj—l) 3.49

Para cada mistura bindria existem dois pardmetros ajustdveis, 7; e 7, que, pela sua vez, sdo dados
por:

Jji p RT - p T *

Da mesma maneira que no modelo NRTL, os pardmetros Au;; € Auj; estdo relacionados a energia

caracteristica da interacao entre as moléculas do tipo i e j.
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O modelo UNIQUAC precisa dos parametros estruturais da drea e volume de van der Waals
relativos a um segmento padrdo, r; € g;. A area superficial e o volume de van der Waals sdo
propriedades caracteristicas de uma molécula e, a principio, podem ser derivados diretamente da
estrutura molecular. Tradicionalmente, o método desenvolvido por Bondi (1968) é muito popular
para calcular estas quantidades, mas segundo o préprio autor, o método é vdlido apenas para
grupos ligados ao carbono. Por outro lado, um método mais geral, proposto inicialmente por Lee
e Richards (1971), usa o conceito de superficie acessivel por solvente (solvent accessible surface
— AS). Considerando esta metodologia, Alvarez e Aznar (2008b) calcularam os parametros
estruturais r e g para diversos solventes e liquidos iOnicos, através de cdlculos de quimica

computacional.

b) Predicao dos dados

Uma descri¢cao detalhada do modelo COSMO e uma revisdo de todas as aplicacdes possiveis
podem ser encontradas no livro de Klamt (2005). Essencialmente, na abordagem do modelo
COSMO, as interacdes moleculares sdo representadas pelas interagdes entre segmentos de
superficie das moléculas. Estes segmentos de superficie sdo determinados pelas cargas
superficiais formadas, que s@o distribuidas sobre a superficie da cavidade que estd ao redor da
molécula na mistura. Cada composto € caracterizado por cdlculos ab initio realizados na
molécula solvatada em um condutor. Estes célculos fornecem o volume molecular, a superficie

molecular e os chamados perfis sigma, que correspondem a distribuicdo das cargas de superficie

sobre a superficie da cavidade da molécula.

Neste trabalho foi utilizado o0 modelo COSMO-SAC, ja que existe disponivel um amplo banco de
dados de compostos (VT-2005) com dados ab initio (Mullins et al., 2006). Também serdo
calculados os dados ab initio para alguns compostos do presente projeto, seguindo as

recomendacdes dadas em Mullins et al. (2006).

Aqui sdo apresentadas as equacdes principais do modelo COSMO-SAC. Mais detalhes sobre a
teoria podem ser encontrados em Lin e Sandler (2002). O coeficiente de atividade y;, necessdrio
no equilibrio liquido-liquido, pode ser determinado a partir do modelo COSMO-SAC, em que o
coeficiente de atividade da espécie i € calculado pela soma das contribui¢des residuais e

combinatoriais.
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Iny;, =Iny/” +Iny;" 352

A parte residual é calculada a partir de uma consideracdo de solvatacdo molecular em um
condutor perfeito. A distribuicdo das cargas selecionadas na superficie molecular, o chamado
perfil sigma p(c), é determinada a partir de célculos de mecanica quantica. As interagdes
moleculares na fase liquida sdo assumidas como sendo a soma das contribuicdes das interagdes
de segmento de superficie através das cargas selecionadas. Com estes pressupostos, a

contribui¢do residual toma a seguinte forma:

Iny“ =n> p,(o,)h[l(0,)-T,(0,)] 3.53

onde n; € o numero de segmentos de superficie contidos na espécie i, ['s(o) € o coeficiente de
atividade do segmento i (cuja densidade de carga selecionada € o) na solugdo S (para o qual a

probabilidade de encontrar um segmento de densidade de carga o € representada pelo simbolo

ps(0)):

InTy(3,,) =—1n{2 pdm)ﬂ(m)&&m[%} 3.54

onde W(a,, 0,) é a interacdo eletrostdtica entre dois segmentos da densidade de carga o, € g,. O

modelo de Staverman—Guggenheim (SG) é usado para o termo combinatérial:

. 7 o. D
Iny™ =In—+—-g. In—+1. ——~ > x.1. 3.55
Vi x 2‘]1 @, i X ZI: it
D, = i g, = Jiti 1 =(z/2)(r.—q,)~(r. —1) 3.56

l Zr,-xj t quxj
j

onde 6; é a fracdo de area de superficie, ®; € a fracdo de volume, z € o numero de coordenacio (z
= 10), e os parAmetros r; = Vi’”OI/me e q = A,"””l/Aref sdo os pardmetros de volume e drea
superficial normalizados para a molécula i. V™ e A s30 o volume e 4rea da molécula i

determinada pelo método COSMO ab initio, e V,,;=66,69 A’ e A,.,;=79,53 A”.
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3.6.5.PREDICAO DA DENSIDADE

A equacdo de estado de Peng-Robinson pode ser escrita em termos do fator de compressibilidade

(Z) usando:

Z3—(1-B)Z*+(A-3B*-2B)Z—-(AB-B*-B*)=0 3.57

onde A e B sdo dadas por:

= b 3.58
(RT)
p="lnf 3.59
RT

onde as constantes a,, € b,, sdo expressos em funcido da concentragdao dos diferentes componentes

na mistura, através das chamadas regras de mistura.

A Equacgdo 3.57 produz uma ou trés raizes reais, dependendo do nimero de fases do sistema. Foi
mostrado que o modelo proporciona uma excelente representacdo dos dados experimentais
liquido-vapor (Alvarez e Aznar, 2008b). Para a predicio da densidade do liquido, a raiz
conveniente € a menor positiva. A translacdo no volume pode ser adotada na equagdo de estado,
para melhorar as estimativas do volume feitas pela equacdo de estado de Peng-Robinson. Entao,
o valor de corre¢do para cada componente puro (4v;) é dado pela diferenca entre o volume

calculado pelo modelo termodinamico e o volume experimental:

Av, =V,

i.exp

-V

i,cal

3.60

onde V;., € o volume molar do composto i calculado pelo modelo termodindmico e Vj,y, € o
volume molar experimental do composto i. Em seguida, o volume da mistura é obtido pela

corre¢do do volume aplicado por:
V=V,+> Avx, 3.61

onde x; é a fracdo molar do liquido do composto puro i, V., € o volume molar do liquido da
mistura calculadas com o modelo termodinadmico, e V é o volume molar predito e corrigido da

mistura.
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3.6.6.ESTIMACAO DOS PARAMETROS

Os valores iniciais dos parametros nas equacaoes polinomiais foram aproximados por meio de
um algoritmo genético, mMyGA (Alvarez et al., 2008). Depois disso, os pardmetros foram
reajustados utilizando um algoritmo de otimizacdo nao-linear baseado no algoritmo de
Marquardt. A otimizagdo utiliza a minimiza¢do no desvio padrdo entre o valor experimental e

calculado, definido como:

1/2

N(\F. —F  F
o= Z% 3.62

onde N € o numero de pontos experimentais, m € o nimero de parametros na curva € Fy € Fey,

sdo os valores calculados pelo modelo e obtidos experimentalmente, respectivamente.
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4. RESULTADOS E DISCUSSAO

PREFACIO

Neste capitulo, sdo apresentados os resultados experimentais para os objetivos expostos. Também
sdo apresentadas trés aplicacdes dos liquidos i0nicos como alternativa a indudstria nacional nas

areas de secagem de etanol, purificagdo de gases e dessulfuriza¢ao do petréleo.

4.1. SINTESE DE LIiQUIDOS IONICOS E CARATERIZACAO

Esta secdo apresenta a sintese e caraterizacdo de liquidos i0nicos que incorporam o cation de N-

metil-2-hidréxi etil amonio e anion de dcidos organicos.

4.1.1 DESIDRATACAO DOS LiQUIDOS IONICOS

Segundo a metodologia proposta no capitulo anterior, o objetivo € determinar o tempo necessario
de vacuo aplicado a uma amostra de 100 g de liquido idnico. A umidade inicial do liquido i6nico
etilsulfato de 1-etil-3-metilimidazdlio foi de 4% (massa) e o primeiro método obteve uma
umidade final de 1,5%. Os métodos 2 e 3 permitiram uma maior desidratacdo, como pode ser
observado na Figura 4.1. O método 2 obteve a estabilizacdo da umidade em 1% (massa) com 16

horas de vacuo. O método 3 obteve uma umidade final de 0,01% (massa) com 35 horas de vacuo.

4.5
4.0 @
3.5 1
304 OO0
2.5 A
2.0 A 0O

1.5 O oo

10 - o Uopoooooooooo
' ©O0oo0q,

0.5 - 0004

0,0 T T T T T IOIOOQAI

0 4 8 12 16 20 24 28 32 36 40

% em massa de agua

Tempo (horas)
Figura 4.1. Perfil da desidratacdo em batelada do liquido i6nico etilsulfato de 1-etil-3-
metilimidazolio vs. tempo. No tempo zero € medida a umidade inicial. (0) armazenagem em ar,
(0) armazenagem em nitrogénio.
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Segundo os resultados com o liquido i6nico etilsulfato de 1-etil-3-metilimidazdlio, a metodologia
6tima é uma desidratacdo em batelada com armazenagem em nitrogénio. A metodologia foi
validada com o liquido i6nico hexanoato de N-metil-2-hidroxietilamonio, atingindo uma umidade

final de 0,0862% em massa. O perfil de desidratacao pode ser observado na Figura 4.2.

—_—

% em massa de agua
S = N W A L N D 0 O O
|

T L] L] L] L] .
10 15 20 25 30 35 40

Tempo (horas)
Figura 4.2. Perfil da desidratacdo em batelada do liquido i6nico hexanoato de N-metil-2-
hidroxietilamo6nio vs. Tempo, com armazenagem em nitrogénio.

e}
(9]

Ap6s a purificacdo, a composicdo quimica foi estudada por RMN e as propriedades fisicas foram

medidas.

4.1.2 CALORIMETRIA DIFERENCIAL EXPLORATORIA

Os experimentos no DSC foram principalmente feitos para determinar a temperatura de
decomposicdo térmica dos liquidos i6nicos sintetizados no laboratério de Equilibrio de Fases e
no laboratério de Termodinamica Aplicada (Universidade Federal da Bahia). A estrutura quimica
de todos os liquidos idnicos foram verificadas com espectros de RMN para hidrogénio e carbono.
A temperatura de decomposicao térmica de dezessete liquidos idnicos sdo apresentados na Tabela

4.1 e de trés liquidos i6nicos sdo mostrados na Figura 4.3.

A Figura 4.3 mostra que os trés liquidos i0nicos tem perfis parecidos variando na intensidade
deles. A inclinacdo observada a partir da temperatura de 293,15 K até o inicio do pico

descendente € devido a perda de umidade durante o aquecimento. Logo é observado um maior
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decaimento que dé inicio ao pico de degradacdo da amostra, a temperatura de 423,15 K. Assim,

as experimentos que utilizaram esses liquidos i0nicos ndo sobrepassaram os 423,15 K.

Tabela 4.1. Temperatura de degradacao (T4) de liquidos i0nicos sintetizados

Sigla Nome T4 °C
2-HDEABE Benzoato de 2 hidroxi dietanol amoénio 227.6
2-HEAFT Ftalato de 2 hidroxi monoetanol amonio 213,7
2-HDEAFT Ftalato de hidroxi dietanol amdnio 236,9
2-HEAES Estearato de 2 hidroxi monoetanol amonio 104,7
2-HDEAES Estearato de 2 hidroxi dietanol amonio 104,9
2-HEAL Lactato de 2 hidroxi monoetanol amonio 291,3
2-HDEAL Lactato de 2 hidroxi dietanol amodnio 210,6
2-HEASU Succinato de 2 hidroxi monoetanol aménio 196,7
2-HDEASU Succinato de 2 hidroxi dietanol amonio 206,1
2-HEACI Citrato de 2 hidroxi monoetanol amonio 200,5
2-HDEACI Citrato de 2 hidroxi dietanol amdnio 213,3
2-HDEAFU Fumarato de 2 hidroxi dietanol amdnio 183,6
2-HEAMA Maleato de 2 hidroxi monoetanol amoénio 195,1
2-HDEAMA Maleato de 2 hidroxi monoetanol amoénio 183.,5
m-2-HEAA Acetato de n-metil-2-hidroxietilamoénio 200,1
m-2-HEAB Butirato de n-metil-2-hidroxietilamoénio 206,4
e m-2-HEAH Hexanoato de n-metil-2-hidroxietilamdnio 211,3

A Tabela 4.1 mostra que os liquidos i0nicos préticos sdo sensiveis a temperaturas proximas aos

473 K, excepto para os baseados no anion do acido estedrico, que decompde termicamente aos

378 K.
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Figura 4.3. Fluxo de calor contra a temperatura, para m-2-HEAA (— —), m-2-HEAB(---) e m-2-
HEAH (—).

4.1.3 DIFRACAO DE RAIOS X

A Figura 4.4 mostra os graficos cldssicos de difracdo de raios X para amostras de acetato de 2-
hidroxietilamo6nio (2-HEAA) puro. A Figura 4.4.a mostra o estudo da otimiza¢do do angulo de
medicao das distancias intermoleculares. Nesta figura, observa-se que, a diferentes angulos, tem-
se medi¢des na amostra s para valores baixos do angulo de medida (pico da intensidade da
amostra maior ao branco utilizado). Em vermelho, a medida do branco (capilar+ar) e em preto, a
medida da amostra (capilar+amostra). Logo, a amostra precisa de medi¢des em baixo angulo,
resultado que confirma a formacdo de agregados de grandes tamanhos. A Figura 4.4.b mostra
graficamente intensidade contra distancia intermolecular. Esta figura mostra um ordenamento
molecular com (9 a 15) A. Esse ordenamento semelha estar associado ao tamanho da cadeia
anfifilica. Se houve algum ordem ou agregacdo tipo bicapas, por exemplo, deveria aparecer un

pico entre (18 e 30) 10%, resultado que ndo € observado.
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Figura 4.4. Gréficos classicos de difracdo de raios X. (a) Intensidade contra o angulo de
medicdo, 2theta, (b) Intensidade contra distancias intramoleculares.
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4.1.4 DEGRADACAO DE ALGUMS LIQUIDOS IONICOS

Graves et al., (2007) reporta a obtencdo de amidas pela degradacdo dos liquidos i6nicos com
cadeia alquilica curta no anion. Considerando este fendmeno, depois de dois meses dos liquidos
i6nicos terem sido sintetizados, foi analisada novamente a estrutura quimica por experiéncias de
'H RMN. Os resultados mostraram que o liquido idénico Formiato de N-metil-2-hidroxietilaménio
apresenta novos compostos, aparentemente pela degradacdo no tempo. Segundo a Figura 4.5, a
degradacao desse liquido i6nico tem dois possiveis produtos: o N-metil-N-propilformamide ou o

formiato de 2-(metilamino)etil.

O
7
k4 N
H2+ pd \/\
N . . . .
. N-metil-N-propilformamide
- \/\OH o /\O )

Formiato de N-metil-2-hidroxietilamonio + HO

A H
P N
Formiato de 2-(metilamino)etil

Figura 4.5. Produtos possiveis pela degradacdo de formiato de N-metil-2-hidroxietilamonio.
A Figura 4.6 mostra os espectros de 1H RMN para o liquido i6nico formiato de N-metil-2-
hidroxietilamo6nio recentemente sintetizado (a) e depois de 2 meses (b). Entretanto, os espectros
da Figura 4.6.b mostram novos picos pertencentes a estrutura quimica de um éster, o formiato de
2-(metilamino)etil. Este resultado confirma a formacdo de éster na degradacdo deste tipo de

liquido i6nico.
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Figura 4.6. Espectros de hidrogenio para o m-2-HEAF. (a) Apdés uma semana de ter sido
sintetizado. Fonte: CACTUS-USC, (b) ap6s dois meses de ter sido sintetizado. Fonte: Prof.

Coutinho
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Nos resultados gerais, pode-se observar que a adicdo de carbonos no anion diminui a densidade

do liquido i6nico, e a adi¢do de grupos hidroxila ou amonio no cédtion para um tipo de anion

aumenta a densidade do liquido i6nico, como observado na Figura 4.7.
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Figura 4.7: Densidade em funcdo da temperatura a pressdo ambiente para liquidos ionicos puros:
m-2-HEAA (o), m-2-HEAB (o), m-2-HEAH (¢), 2-HE2AB (x) e N-(2-HE)edAB (+).

A Figura 4.7. mostra que para o liquido i6nico m-2-HEAB, contendo o anion butirato, a adicdo
de grupos hidroxila ou aménio no cation aumenta a densidade do novo liquido idnico. Os dados
experimentais sdo apresentados na Tabela 4.2.

Tabela 4.2: Densidade experimental para liquidos i6nicos puros com umidade inferior a 1000

ppm.
2HE,AB N-(2-HE)edAB m-2-HEAH m-2-HEAB m-2-HEAA

TCC) glem’® |[T(CC) gem® |T(EC) gem’ | TCC) gem’® |[T(CC) glem’
15,01 1,113343| 15,01 1,080216 | 15,01 1,001459| 15,00 1,046008| 15,00 1,106802
20,00 1,109969| 20,00 1,076849 | 20,00 0,997979| 20,00 1,042640| 20,00 1,103755
25,00 1,106580| 25,00 1,073441 | 25,00 0,994536| 25,00 1,039245| 25,00 1,100827
30,00 1,103181| 30,00 1,070012 | 30,00 0,991089| 30,00 1,035872| 30,00 1,097843
35,01 1,099772| 35,00 1,066542 | 35,00 0,987623| 35,00 1,032530| 35,00 1,094833
40,00 1,096280| 40,00 1,063037 | 40,00 0,984126| 40,01 1,029145| 40,01 1,091784
45,00 1,092850| 45,00 1,059482 | 45,00 0,980605| 45,01 1,025722| 45,01 1,088717
50,00 1,089433| 50,01 1,055839 | 50,01 0,977064| 50,01 1,022262| 50,01 1,085620
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O primeiro artigo analisa as propriedades fisicas de seis novos liquidos idnicos como funcdo do

comprimento da cadeia alquilica do anion.

ALVAREZ, V.H.; DOSIL, N.; GONZALEZ-CABALEIRO, R.; MATTEDI, S., MARTIN-
PASTOR, M.; IGLESIAS, M.; NAVAZA, J. M. Brgnsted Ionic Liquids for Sustainable
Processes: Synthesis and Physical Properties, J. Chem. Eng. Data, v.55, p. 625-632, 2010.

O segundo artigo estuda as propriedades fisicas de dois novos liquidos idnicos contendo o anion

tipo oleato.
ALVAREZ, V.H.; R.; MATTEDI, S., MARTIN-PASTOR, M.; AZNAR, M.; IGLESIAS, M.

Synthesis and thermophysical properties of new protic long-chain ionic liquids with oleate anion,
Fluid Phase Equilibr., aceito (doi:10.1016/j.fluid.2010.08.022), 2010.
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Artigo 4.1: Brgnsted ionic liquids for sustainable processes: Synthesis and physical

properties
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Brgnsted Ionic Liquids for Sustainable Processes: Synthesis and Physical

Properties’

Victor H. Alvarez,i’§ Noelia Dosil, Rebeca Gonzalez-Cabaleiro,” Silvana Mattedi," Manuel Martin-Pastor,"

Miguel Iglesias,** and José M. Navaza*

Chemical Engineering Department - ETSE, University of Santiago de Compostela, P.O. Box 15782, Santiago de Compostela, Spain,
School of Chemical Engineering, State University of Campinas, P.O. Box 6066, 13083-970 Campinas-SP, Brazil, Chemical
Engineering Department, Polytechnic School, Federal University of Bahia, 40210-630 Salvador-BA, Brazil, and Unidade de
Resonancia Magnética, RIAIDT, edif. CACTUS, University of Santiago de Compostela, P.O. Box 15706, Santiago de Compostela, Spain

This report describes the synthesis of ionic liquids that incorporate the N-methyl-2-hydroxyethylammonium
cation with various carboxylic acid anions and the study of some of their physical properties, including
self-diffusion coefficients, density, speed of sound, viscosity, and refractive index. "H and *C NMR spectra
were used to characterize the chemical structure of the species in concordance with FT-IR spectra. DOSY
NMR spectra was used to determine the self-diffusion coefficients of the components, which were consistent
with the formation of a lamellar or micellar liquid-crystal phase in samples containing an alkyl chain in the
anion species. Thermoacoustic parameters showed that anion alkyl chain has an influence on the molecular
packing of these ionic liquids. In addition, the effect of temperature on the properties seems to be related
to the size and the type of aliphatic chain of the ionic liquid.

Introduction

Tonic liquids (ILs) are versatile new media for many chemical
synthesis, enzymatic catalysis, and green engineering processes.
ILs consist solely of a collection of positive and negative ions
of hydrophobic or hydrophilic nature. However, unlike con-
ventional molten salts, these materials often melt below 373 K.
This is achieved because the ion-pair packing prevents an
ordered electrostatic net structure as a result of steric hindrance,
and therefore, a solid phase cannot form under ambient
conditions.

ILs can be used as solvents because of their low melting
points and their ionic structure. In some cases where ILs are
used as solvents, better selectivity for organic reactions or
molecular absorption is obtained than with conventional organic
solvents because of specific interactions among the ions. In the
past few years, room-temperature ILs have found a number of
applications as clean solvents and catalysts for green chemistry,
as electrolytes for batteries, in photochemistry, for electrosyn-
thesis,' > and others.

One of the properties of ILs of interest for chemistry is their
negligible vapor pressure, which means that no volatile organic
pollution is created during their manipulation in industrial
operations. Their liquid range can be as large as 300 °C,
allowing for large reaction kinetic control and easy separation
of organic molecules by distillation without loss of the IL. Until
now, many ILs have been based on the imidazolium cation and,
in a lesser proportion, on alkylpyridinium cations and trialkyl-
amines.® By variation of the anion or the alkyl chain of the
cation, a wide range of properties such as hydrophobicity,

" Part of the “2009 Iberian Conference on Ionic Liquids”.

* Corresponding author. E-mail: miguel.iglesias@usc.es.

* Chemical Engineering Department, University of Santiago de Compostela.
¥ State University of Campinas.

" Federal University of Bahia.

+ Unidade de Resonancia Magnética, University of Santiago de Compostela.
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viscosity, density, and solvation power can be modulated,
opening the possibility of tailored ILs designed for specific
industrial applications.” In this way, Bicak® synthesized an IL
formed from the neutralization of monoethanolamine with
formic acid. Greaves et al.’ proposed different protic ILs
obtained from primary amines and organic and inorganic acids.
Iglesias and co-workers'®™'? synthesized a family of these ILs
by modifying the aliphatic chain of the organic acid and/or using
secondary and tertiary hydroxylamines. These authors explained
the low cost, simplicity of synthesis, and different applications
of this new IL family. Moreover, the very low toxicity and the
degradability of this kind of IL was verified."® Thus, sustainable
processes can be originated with their use. Therefore, available
physicochemical properties or a thermodynamic database for
this class of IL, either pure or in mixtures, can be of
technological and/or theoretical interest.

Structural and physicochemical properties of ILs can be
studied with conventional liquid NMR methods.'* These
techniques can be useful in assessing the chemical composition
of the ILs and for quantitative analysis of the species. In
addition, NMR diffusion-ordered spectroscopy (DOSY) experi-
ments can be used to determine self-diffusion coefficients, which
are related to the molecular size and viscosity of these samples.

Continuing with our previous studies, this paper presents the
synthesis and study of a series of physicochemical properties
of ammonium-based ILs. We present the synthesis of six ILs,
N-methyl-2-hydroxyethylammonium formate (m-2-HEAF), N-meth-
yl-2-hydroxyethylammonium acetate (m-2-HEAA), N-methyl-
2-hydroxyethylammonium propionate (m-2-HEAPr), N-methyl-
2-hydroxyethylammonium butyrate (m-2-HEAB), N-methyl-2-
hydroxyethylammonium isobutyrate (m-2-HEAiB), and N-methyl-
2-hydroxyethylammonium pentanoate (m-2-HEAP). For these
ILs, the following physicochemical properties were studied:
density (p), speed of sound (u), refractive index (np), apparent
viscosity (1), and self-diffusion coefficient (D).
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Experimental Section

Materials and Methods. 2-(Methylamino)ethanol (mass frac-
tion purity 0.99) was obtained from Aldrich, and the organic
acid (mass fraction purity 0.995) was obtained from Sigma.
These components were used as received, as the water content
(< 0.5 %) could be removed after the synthesis. During the
course of the experiments, the purity of the solvents was
monitored by the density and the speed of sound measurements.

The densities and the speeds of sound of the pure liquids
were measured using a DSA-5000 digital vibrating tube
densimeter (Anton Paar, Austria). This apparatus performs an
automatic viscosity correction when used with high-viscosity
liquids. The accuracy is + 0.01 K for temperature, and the
uncertainty is 4= 1-107* g=cm™ for the density measurement
and + 0.1 m-s™! for the speed of sound, as calculated by
propagation of errors. Dry air and distilled water were used as
reference fluids to calibrate the densimeter at each temperature.
The mass of each component was determined on a Kern 770
mass balance having an accuracy of 0.0001 g. The apparent
viscosities of IL samples were analyzed using a Visco Elite L
rheometer (Fungilab, Spain) at different temperatures. The
spindles used were the TLS, TL6, and TL7, and the speed ranges
were selected in accordance with the torque range (minimum
10 % and maximum 90 %), as suggested by the manufacturer’s
instructions. The temperature was controlled with a thermostatic
bath and measured with a calibrated thermometer close to the
jacket of the viscosimeter. The refractive indexes of the ILs
were analyzed by an automatic digital RX-5000 refractometer
(Atago, Japan). The temperature was controlled with a thermo-
static bath and measured with a PT 100 sensor provided in the
refractometer that had a precision of & 0.1 K for the temperature
measurement. The thermostatic bath used was the Frigiterm
equipment (J.P. Selecta S.A., Spain) with a temperature stability
of £ 0.1 K.

Each refractive index was obtained as the mean of three
measurements with a standard deviation of 2+107°, and the
apparent viscosity was obtained as the mean of five different
spindle rate measurements with a standard deviation of 0.5
mPa-s at temperatures from (308 to 323) K and 4.0 mPa-s at
temperatures from (288 to 303) K.

FT-IR Spectroscopy. The FT-IR spectra were obtained with
a Varian FT-IR 670 spectrometer set to acquire the medium-
and high-IR-range spectrum [(7900 to 20) cm™']. The device
has a resolution of 0.10 cm™! and a signal-to-noise ratio of
12 000:1 with 75 % light attenuation. The ATR method was
used for the synthesized ILs, and the sample film for these
measurements was formed using a drop of IL.

NMR Spectroscopy. All of the NMR experiments were
performed at 298 K in an 11.7 T Varian Inova-750 spectrometer
operating at 750 MHz proton frequency. The spectra were
processed with Mestre-C software.'

Samples of m-2-HEAF, m-2-HEAA, m-2-HEAPR, m-2-
HEAB, m-2-HEAIiB, and m-2-HEAP were studied by NMR
spectroscopy. Sample preparation required only the transfer to
a 5 mm NMR tube. An external reference standard capillary
containing deuterated 3-(trimethylsilyl)propionic acid-dy (TSP)
[0.1 M in dimethyl sulfoxide (DMSO)] was introduced coaxially
in the tube. The TSP signal at approximately 0 ppm was used
to determine absolute concentrations in the one-dimensional
(1D) proton spectrum, and the DMSO was used for deuterium
lock. The integral of the "H NMR signal of TSP in the capillary
was calibrated with respect to a sample of 0.2 M sucrose

dissolved in D,0 prepared in a 5 mm NMR tube. The anomeric
glucose proton appearing at 5.2 ppm was chosen for the
calibration.

The following NMR experiments were acquired for each
sample:

A quantitative 1D 'H NMR experiment was acquired with a
33° pulse and a conveniently long interscan relaxation time
(d, = 10 s). These conditions were used to ensure the exactness
of the signal integration.

1D 3C, 1D BN, 2D total correlation spectroscopy (TOCSY),
2D heteronuclear multiple-quantum coherence (HMQC), and
2D heteronuclear multiple-bond quantum coherence (HMBC)
NMR spectra were acquired using standard methodologies.

NMR DOSY experiments were measured with the convec-
tion-compensated double-stimulated echo sequence.'® Diffusion
encoding and decoding periods were done with pulsed-field
bipolar gradients, and the duration of a pair of bipolar gradients
was 4 ms. The gradient power level (G in eqs 1 and 2) used for
diffusion encoding/decoding was varied linearly between (2 and
62) G-cm™! in 50 steps, with acquisition of the free-induction
decay at each step. The DOSY experiment was repeated with
diffusion delay periods of (200, 300, and 400) ms.

The diffusion of the TSP signal in m-2-HEAA was deter-
mined by DOSY experiments at two diffusion delays of (50
and 10) ms. The DOSY experiment was done with an internal
diffusion reference consisting of 300 mg of TSP.

The self-diffusion coefficients were calculated in each DOSY
experiment by fitting the intensity of each NMR signal to the
following equation:'®

I(G) -DQ

——7 = 1

10 ¢ )]
where I(G) is the signal integral in the presence of the gradient,
1(0) is the intensity of the signal with the lowest gradient, D is
the self-diffusion coefficient, and Q is the gradient strength,
which was calculated according to the following equation:

9 40 5T T
Q q(t+3+4+4 @
where ¢ is the diffusion delay used in the experiment and ¢ and
the delay variables (0, 7, and 7,) are explained in the original
reference.'®

Preparation of the ILs. 2-(Methylamino)ethanol was placed
in a three-necked flask made entirely of glass and equipped with
a reflux condenser, a PT-100 temperature sensor for controlling
the temperature, and a dropping funnel. The flask was mounted
in a thermostatic bath. The organic acids were added dropwise
to the flask under stirring with a magnetic stir bar. The reaction
is a simple acid—base neutralization® that creates an ester salt
of N-methyl-2-ethanolamine, which, in a general form, can be
expressed as follows:

OH

o o
e A, K
oo > O\ . on X o~ >N

where R is the alkyl group present in the organic acid: formic
acid (R = H), acetic acid (R = Me), propionic acid (R = Et),
butanoic acid (R = n-Pr), isobutanoic acid (R = i-Pr), and
pentanoic acid (R = n-Bu). These chemical reactions are highly
exothermic, an adequate control of temperature is essential
throughout the chemical reaction; otherwise, heat evolution may
produce the dehydration of the salt to the corresponding amide,
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as in the case for nylon salts (salts of diamines with dicarboxylic
acids). The color varied in each case from transparent to dark-
yellow when the reaction process and purification (strong
agitation and slight heating for the vaporization of residual
nonreacted acid for at least for 48 h) were completed. In order
to decrease the water content as much as possible, the IL was
dried for 48 h at ambient temperature under a vacuum of 20
kPa with stirring before each use. This time permitted a constant
value of the refractive index with respect to drying time to be
obtained.

The water content in the ILs was not measured because the
room humidity was not completely controlled. In addition,
comparisons with standard samples of m-2-HEAA containing
H,O showed a low influence of the humidity on the density.
Viscosity was the property most affected by humidity.

Thermodynamic Data Treatment. The measured densities,
speeds of sound, and refractive indexes of the ILs were
correlated as functions of temperature according to eq 3:

Z=A,+AT+AT 3)
where Z is the property (density, speed of sound, or refractive
index), the A; are adjustable parameters, and 7 is the absolute
temperature. The apparent viscosity was fitted with an Arrhe-
nius-type equation (normally used for Newtonian fluids), as
shown in eq 4:

AJT

n=Age “

where 7 is the apparent viscosity, T is the absolute temperature,
and the A; are adjustable parameters.

The ions of the IL were considered as a large spherical shapes.
Therefore, the effective radius of these molecules can be
calculated using the Stokes—Einstein equation for the calculation
of the Brownian diffusivity (eq 5), in which the diffusivity D
varies directly with absolute temperature and inversely with both
viscosity and molecular radius:

_ kT

= b ®)

where k is the Boltzmann’s constant, 7 is the absolute temper-
ature, 7 is the viscosity of the medium, and r is the radius of
the species.

In order to explore the strength and nature of the interactions
between the species of the IL, the molecular radius r was
calculated from from the sound velocity and density data as
follows:"”

[ 3p \1B
" (16nNA) ©
in which N, is Avogadro’s constant and b is given by:
M (RT Muz]”2 )
b= P (puz) ([1 + 3IRT 1 (7)

where M is the molecular weight, p is the density, u is the speed
of sound, and R is the gas constant.

Parameter Estimation. The first-approximation parameter
estimation for each model was performed using a genetic
algorithm code, mMyGA, with a whole-interval search.'® Next,
the resulting fitting parameters were refined using a nonlinear
optimization algorithm based on the Marquardt algorithm.
Finally, regression was performed with the minimization of the
standard deviation between the experimental and calculated
values, where the standard deviation (o) is defined as:
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N _ 2112
2 (Fexptl Fcalcd)i ]
i=1 N
where N is the number of experimental data points and Feyeq

and Fypy are the property values calculated by the model and
obtained from experimental, respectively.

Results and Discussion

The FT-IR and NMR spectra obtained for the ILs studied
herein are given in the Supporting Information.

The results of the FT-IR analyses were very similar for all
of the ILs. These spectra showed a broad band in the (3500 to
2400) cm™! range that is characteristic of the ammonium
structure. The OH stretching vibration is embedded in this band.
The broad band centered at 1600 cm™ is a combined band of
the carbonyl stretching and N—H plane bending vibrations.
Figure 1 displays the FT-IR spectrum of m-2-HEAPr, which
shows these bands. The Supporting Information shows the FT-
IR spectrum for m-2-HEAF.

NMR spectroscopy provided further insight into the chemical
composition of the ILs. The chemical composition was deter-
mined by the combination of 1D 'H, 1D '3C, 1D PN, 2D
TOCSY, 2D HMQC, and 2D HMBC spectra. The 2D experi-
ments provided H—H and H—C through-bond correlations that
assisted the NMR signal assignment and confirmed the synthe-
sized structure. For instance, Figure 2 shows the 2D TOCSY
spectrum of m-2-HEAPr. The off-diagonal H—H correlation
peaks observed in this spectrum correspond to pairs of protons
that are connected by covalent bonds to the same molecule and
form part of the same coupled spin system. For each IL studied
herein, the cation/anion ratio obtained from quantitative analysis
of the nonexchangeable signals in the 1D proton spectra (see
Figures S1—S6) is ca. 1 = 0.06, which is in agreement with
the expected value for an IL.

Study of the DOSY NMR Spectra. For each "H NMR signal,
DOSY NMR experiments provided the self-diffusion coefficient
of the molecular species to which the signal belonged. Figure
3 shows an example of the analysis of the DOSY diffusion decay
curves of m-2-HEAPr at diffusion delays of (200, 300, and 400)
ms. This figure shows similar decay curves for the nonex-
changeable protons of the same charged component. Neverthe-
less, there is an unexpected difference between the cation and
anion components that is beyond the experimental curve fitting
error. Results of the analysis of the DOSY experiments of the
other ILs studied herein are given in Table 1 and show that the
same situation occurs for the other ILs studied herein, except
for m-2-HEAF.
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Figure 1. FT-IR spectrum for m-2-HEAPr.



628 Journal of Chemical & Engineering Data, Vol. 55, No. 2, 2010

5.0

=
=)

oo
o

©»
LR RN E R R R

m (t1

B e B e B B e B B B L B B B B B By B B B B L H S ]

ppm (2) 8.0 70 6.0

50 4.0 3.0 20 1.0

Figure 2. TOCSY spectrum for m-2-HEAPr. The vertical and horizontal traces shown correspond to the 1D proton spectrum. The broad NH,* signal
centered at ~7.5 ppm does not appear in the TOCSY spectrum because of its fast transverse relaxation.
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Figure 3. DOSY diffusion decay curves of m-2-HEAPr at three diffusion
delays: O and dashed line, 200 ms; O and dotted line, 300 ms; A and solid
line, 400 ms. The symbols are the values for the noninterchangeable species,

in black and red for cations and anions, respectively. The lines are the values
for the interchangeable species NH,".
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Another observation from the diffusion results of Table 1 is
that for all of the samples except m-2-HEAF, the diffusion
coefficients of the nonexchangeable protons of the ILs in both
the cationic and anionic species were affected by the specific
diffusion time parameter that was used for the acquisition of
the DOSY experiment. In the range of diffusion times studied,
from (100 to 400) ms, the trend observed is that the self-
diffusion coefficient systematically decreases with increasing
diffusion time parameter. We verified that this trend is also
present in a sample of m-2-HEAA mixed with 300 ug of TSP
as an internal diffusion reference compound. In this case, the
diffusion measured for the TSP compound was similarly affected
by the diffusion time of the experiment. These observations
cannot be explained by the eventual presence of thermal
convection in the IL samples,'? since this effect would increase
the diffusion coefficient either with turbulent or constant laminar
flux currents, while the observed effect was exactly the opposite.
In this regard, the constant laminar flux was already eliminated
with the compensated double-stimulated-echo'® version of the
DOSY experiment that was used here.

Table 1. Analysis of the DOSY NMR Spectra Measured for the ILs
Studied”

' D* D~ DN
ms 10712 m?+s™! 1072 m?es7! 10712 m?+s7!
N-Methyl-2-hydroxyethylammonium Formate
0 35.7 57.0°
200 34.90 £ 0.01 55.80 &+ 0.03 ¢
300 34.10 £ 0.01 54.60 £+ 0.03 "
400 34.00 £ 0.01 54.40 £ 0.03 ¢
N-Methyl-2-hydroxyethylammonium Acetate
0 7.69" 7.94°
200 6.72 £ 0.03 7.02 +0.04 9.23 £ 0.08
300 6.01 £ 0.02 6.30 + 0.02 7.88 £0.03
400 5.69 £ 0.02 6.03 +0.02 7.86 £ 0.04
N-Methyl-2-hydroxyethylammonium Propionate
0 9.39" 9,23
200 8.41 4 0.02 8.29 +0.02 11.8 £ 0.05
300 7.68 £ 0.02 7.65 + 0.02 11.7 £+ 0.06
400 7.36 £0.01 7.30 + 0.02 10.0 £ 0.05
N-Methyl-2-hydroxyethylammonium Butyrate
0 10.5” 9.64"
200 9.46 £ 0.05 8.66 = 0.04 20.2+£0.01
300 8.66 + 0.03 7.88 +0.03 17.9 £0.01
400 8.36 +0.03 7.60 & 0.02 16.5 £ 0.01
N-Methyl-2-hydroxyethylammonium Isobutyrate
0 10.8" 10.0”
200 9.70 £ 0.03 9.02 +0.02 16.8 £ 0.01
300 9.13£0.03 8.43 +£0.02 143 £0.01
400 8.59 +0.03 7.98 &+ 0.02 8.09 & 0.02
N-Methyl-2-hydroxyethylammonium Pentanoate
0 11.2° 10.4°
100 10.5 £ 0.02 9.80 &+ 0.01 227 £ 002
200 10.1 £0.02 9.37 + 002 19.3+£0.01
300 9.28 £ 0.02 8.68 & 0.02 17.4 £ 0.02

“ Symbol definitions: 7, diffusion time used to encode/decode diffusion
in the DOSY experiment; D" and D™, average self-diffusion coefficients
of the noninterchangeable signals of the cation and anion, respectively;
DN apparent diffusion coefficient of the exchangeable proton signal
of NH,*. The =+ values are the uncertainties of the curve fitting.
’ Extrapolated value for 0 ms diffusion time. ¢ Signal not detected
because of fast relaxation.

The conclusion is that the NMR diffusion results possibly
reflect the existence of an aggregation exchange equilibrium in
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Figure 4. Scheme illustrating the postulated lamellar or micellar liquid-
crystal phase of m-2-HEAB.

Lamellar phase

Micelle aggregation

all of the IL samples except m-2-HEAF. The presence of
aggregation is also supported by low-angle X-ray scattering
measurements of m-2-HEAB. There is a peak corresponding
to aggregates of a size between 9 and 15.5 A, which is much
larger than the optimized molecular modeling of m-2-HEAB
in the monomeric state [radius of (3.2 to 3.5) A]. Moreover,
dilution studies recently conducted in our lab have shown the
existence of a critical micelle concentration phenomenon in this
type of IL (work in preparation).

We speculate that given the amphiphilic nature of these ILs,
the alkyl chains of the anion may aggregate to form a lamellar
or micellar liquid-crystal phase, as represented in Figure 4.
Compartmental diffusion®*?' occurring in a lamellar/micellar
phase would explain the dependence of the diffusion coefficient
on the diffusion time in Table 1, including the anomalous case
of m-2-HEAF, which lacks the alkyl chain and therefore would
not form a lamellar/micellar phase nor exhibit a compartmental
diffusion effect.

In the lamellar structure shown Figure 4, the highly hydro-
phobic alkyl chains of the anion molecules would be packed
together in the lamellar/micellar phase, leaving the polar
carboxylate anion head groups exposed to the hydrophilic
interlamellar/micellar space, in close contact with the cation
species and eventually with the water traces. In fact, the
formation of lamellar/micellar phases is not uncommon in
amphiphilic molecules.?
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In compartmental systems, the self-diffusion coefficients can
be determined by setting a very low diffusion time parameter
in the DOSY experiment. However, such an experiment would
require special diffusion probes in the spectrometer hardware.
A more feasible possibility is to extrapolate the determined self-
diffusion coefficients in Table 1 to zero diffusion time, assuming
a linear dependence with the diffusion time. Therefore, the self-
diffusion coefficients corrected by this method correspond to
the authentic diffusion of the species in the compartment.

The corrected values of the diffusion coefficients in Table 1
and the apparent viscosity data in Table 2 can be used to
determine the corresponding effective molecular radius of the
species by means of the Stokes—Einstein equation (eq 5), which
assumes a spherical shape for the molecular entity. However,
it was found that the effective radii thus obtained (data not
shown) tend to be too small and do not have physical meaning
for any of the samples studied except m-2-HEAF, which does
not form the lamellar/micellar phase. Clearly, the assumption
of spherical shape is not valid for the ILs studied, except in the
case of m-2-HEAF.

One important observation from the data in Table 1 is the
consistent difference between the diffusion coefficients deter-
mined for the cation (D) and anion (D) for the same sample
and same diffusion time. These differences are very remarkable
for m-2-HEAF, while for the other ILs the values are relatively
more similar. In any case, these differences observed are beyond
the experimental fitting error. This behavior is not totally
explained by the different compartmental diffusion expected for
the cation and anion species in the lamellar/micellar phase, since
the m-2-HEAF sample also shows this behavior.

There exists the potential presence of neutral species in the
IL mediated by proton exchange reactions (e.g., with the H,O
traces). Thus, the NMR signals of the nonexchangeable protons
of one of the components may reflect the combined diffusion
of both charged and neutral species that may eventually be
different, as the neutral species is in principle the faster one.
Therefore, the diffusion coefficients determined with the DOSY
experiment and shown in Table 1 could reflect an average of
both diffusion coefficients. On this basis, the faster diffusion
obtained for the anion than the cation (D~ > D") in m-2-HEAF
in Table 1 probably reflects the presence of relevant mole
fraction of neutral formic acid in the sample.

It is also interesting to note from the diffusion coefficients
of Table 1 the effect of the length of the alkyl chain. Clearly,
the trend observed in these data is that the larger the alkyl chain,
the faster is the self-diffusion coefficient of the IL species. This
result possibly suggests that the larger the alkyl chain, the larger
is the fluidity of the lamellar phase.

A final observation from the data in Table 1 is the diffusion
coefficient of the broad signal of NH," centered at ~7.5 ppm,
which is much larger than D and D~ for all of the ILs studied.
The diffusion coefficients determined for the NH, labile protons
(DN:2") are apparent values, since the signal is affected by fast
exchange with other labile protons, in particular with H,O traces
due to inherent sample hygroscopicity and possibly with the
OH-4 proton. The detected fast chemical exchange of the NH,*
protons is consistent with the exposure of this group to the
hydrophilic region in the lamellar/micellar phase model proposed
in Figure 4.

Physicochemical Properties. The macroscopic physical prop-
erties of the ILs (density, speed of sound, apparent viscosity,
and refractive index) were measured, and the results are given
in the Supporting Information with the significant figures
reported by the device.
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Table 2. Molar Mass (M), Experimental Density (p), Sound Velocity (u), Refractive Index (np), Apparent Viscosity (), and Molecular Radius

(r) Values for the ILs at 298.15 K

m-2-HEAF m-2-HEAA m-2-HEAPr m-2-HEAB m-2-HEAiB m-2-HEAP
M/g-mol™! 121.135 135.162 149.188 163.215 163.215 177.241
plgrem™3 1.12825 1.10083 1.07127 1.03924 1.04337 1.01621
u/mes™! 1815.3 1794.8 1690.0 1614.6 1611.3 1548.8
np 1.4458¢ 1.4494 1.45347 1.4549 1.4511¢ 1.4538¢
n/mPa-s 20.27 106.06 215.06 298.15 163.08 234.44
/A 2.17 227 2.37 2.46 2.46 2.55

T =129835K.”"T=129820 K. “T =298.05 K. T = 298.19 K.

Table 3. Fitting Parameters for Physical Properties and Root-Mean-Square Deviations (¢) in Accordance with Equations 3 and 4 for the Six

ILs
plgecm™! u/mes~! np n/mPa-s
N-Methyl-2-hydroxyethylammonium Formate
A, (23341 £0.11) £ 1077 (6.8704 £0.22) £ 107* (8.4066 + 4.6) £ 1077 =
Ay (—6.9777 £ 0.066) & 10 —2.3677 £0.013 (—=7.7232+£2.8) £ 107* 3949.4 £ 80.0
Ay 1.3155 £ 0.001 2460.1 £ 2.1 1.60127 £ 0.043 (3.7268 £ 1.0) £ 107°
o 444107 0.1 1.4+107 0.6
N-Methyl-2-hydroxyethylammonium Acetate
A, (—3.6574 £ 0.099) & 1077 (—1.7489 +0.89) £ 107* (=1.5213 £ 1.7) £ 1077 -
A (—3.8318 £ 0.061) &+ 107* —2.4895 £ 0.055 (—1.5188 £ 1.0) £ 107* 5541.8 £ 130.0
Ao 1.2476 + 0.00094 25529 +85 1.5082 + 0.016 (92245 +4.1)+£ 1077
o 4241073 0.4 544107 32
N-Methyl-2-hydroxyethylammonium Propionate
A, (—=3.9113 £ 0.096) & 1077 (7.8612+1.0) £ 107* (—=3.2619+0.29) £ 1077 =
Ay (—4.1827 £ 0.059) &+ 107* —3.4777 £ 0.062 (=79162+1.8) £ 1073 5676.0 £ 61.0
Ao 1.2308 £ 0.00091 26574 £9.6 1.5060 + 0.0027 (1.1871 £ 0.25) £ 10°°
o 40+£107° 0.4 9.4+107° 39
N-Methyl-2-hydroxyethylammonium Butyrate
A, (—3.5249 £ 0.090) & 1077 (32216 £0.14) £ 1073 (—6.8333£0.74) £ 1077 -
Ay (—4.6411 £ 0.056) + 107* —5.1731 £ 0.086 (1.1181 £ 045) £ 107 5848.1 £59.0
Aoy 1.2090 £ 0.00085 2871.1 £13.0 1.4824 £ 0.0069 92333+ 1.8) £ 1077
o 38+107° 0.6 244107 5.2
N-Methyl-2-hydroxyethylammonium Isobutyrate
A, (—5.1390 £ 0.084) & 1077 (6.1754 £ 0.69) £ 107* (—4.8174 £2.9) £ 1077 -
Ay (—3.3539 4+ 0.052) + 107* —3.2309 £ 0.042 (—1.1006 & 18.0) £ 1073 5004.3 £ 65.0
Ao 1.1891 % 0.00079 2520.0 £ 6.5 1.4971 + 0.027 (85719 +1.9)+£10°°
o 35+107° 0.3 9.7+107° 2.6
N-Methyl-2-hydroxyethylammonium Pentanoate
Ay (—3.3810 £ 0.084) & 1077 (3.5359 £ 0.12) £ 1073 (—3.1521£3.7) £ 1077 =
Ay (—4.7268 £ 0.052) + 107* ~53202 £ D.072 (—1.1653 £2.2) £ 107* 5340.6 £ 64.1
Ay 1.1873 £ 0.00079 2821.1 £11.0 1.5166 £ 0.034 (3.9396 + 0.86) £ 107°
o 35+£107 0.5 124+107* 4.6

The densities and speeds of sound for all of the ILs were
studied from (278.15 to 338.15) K with a temperature step of
0.25 K. The viscosity was studied from (288.15 to 323.15) K
with a temperature step of 2.5 K for m-2-HEAF, m-2-HEAPr,
m-2-HEAB, and m-2-HEAP and 5.0 K for m-2-HEAA and m-2-
HEAIB. The range studied for the refractive index was (280 to
323) K with a step of 5.0 K for all of the ILs. These data are
provided in the Supporting Information. Table 2 shows the
properties at 298.15 K, and Table 3 gives the values of the fitting
parameters and the deviations for density, speed of sound, and
refractive index (eq 3) and apparent viscosity (eq 4) for all
temperatures studied. All but four of the fitting parameter values
for the quadratic functions have uncertainties less than the
respective parameter values.

For each IL sample, the effective radius r determined from
the thermoacoustic data (eq 6) is given in Table 2. As discussed
above, all of the studied ILs except m-2-HEAF form a lamellar/
micellar phase. Systems forming lamellar/micellar phases do
not fulfill the conditions for the applicability of the Stokes—
Einstein equation (eq 5), and therefore, the effective radii
determined with the thermoacoustic equation and given in Table
2 are likely to be more reliable for these systems. The data in
Table 2 show that the effective radius increases with the length

of the alkyl chain, with the value being consistent with the sum
of the sizes of the cation and anion in the ionic pair.

In Figures 5 to 8, the temperature trends of these physical
properties are gathered. The isentropic compressibilities, s,
were calculated from the Newton—Laplace equation, and
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Figure 5. Selected data for the densities of the ILs as functions of
temperature: 0, m-2-HEAF; ¢, m-2-HEAA; A, m-2-HEAPr; O, m-2-
HEAB; @, m-2-HEAiB; M, m-2-HEAP. The solid lines show the corre-
sponding fits to eq 3.
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Figure 6. Selected data for the speeds of sound of the ILs as functions of
temperature: 0, m-2-HEAF; &, m-2-HEAA; A, m-2-HEAPr; O, m-2-
HEAB; @, m-2-HEAiB; M, m-2-HEAP. The solid lines show the corre-
sponding fits to eq 3.
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Figure 7. Refractive indexes of the ILs as functions of temperature: O, m-2-
HEAF; ¢, m-2-HEAA; A, m-2-HEAPr; O, m-2-HEAB; @, m-2-HEAIB; W,
m-2-HEAP. The solid lines show the corresponding fits to eq 3.
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Figure 8. Viscosities of the ILs as functions of temperature: [0, m-2-HEAF;
<, m-2-HEAA; A, m-2-HEAPr; O, m-2-HEAB; @, m-2-HEAiB; B, m-2-
HEAP. The solid lines show the corresponding fits to eq 4.

these values for the six ILs are shown in Figure 9. These
figures show a decreasing trend in the packing efficiency of
the ILs as the molecular weight rises.

The measured apparent viscosities are shown in Figure 8.
They exhibit Newtonian behavior, and their values vary
exponentially with temperature. In Figure 8, the lowest
viscosity corresponds to m-2-HEAF; this IL also shows the
largest diffusion coefficient as determined by NMR (Table
1). However, for the other ILs, the NMR diffusion coefficients
in Table 1 are relatively similar while the viscosity increases
with the length of the alkyl chain (Figure 8). The observation
that the enhancement in macroscopic viscosity is unrelated
to the NMR diffusion coefficients suggests that the latter do
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Figure 9. Isentropic compressibilities of the ILs as functions of temperature:
O, m-2-HEAF; <, m-2-HEAA; A, m-2-HEAPr; O, m-2-HEAB; @, m-2-
HEAIB; W, m-2-HEAP.

not reflect the macroscopic diffusion of the IL but just the
relatively much faster local or compartmental diffusion in
the lamellar/micellar phase, which is in agreement with the
nonapplicability of the Stokes—Einstein equation mentioned
above.

The apparent viscosities and refractive indexes in Figures 7
and 8 increase with the length of the alkyl chain in the IL. The
results for m-2-HEAP were unreliable because of its high
hygroscopicity, which affected the measurements (data are
shown).

The effect of temperature on the density, speed of sound,
refractive index, and apparent viscosity can be seen in Figures
5 to 8. For all of the samples studied, there is an inverse
relationship between these properties and the temperature, in
agreement with the expectation for fluids.

Conclusions

Six ammonium-based Brgnsted acid ILs have been synthe-
sized, and their NMR spectra confirmed the molecular structures.

The diffusion NMR results suggest the existence of an
ordered lamellar/micellar liquid-crystal phase for those ILs
that contain an alkyl chain in the anion species. For systems
forming lamellar/micellar phases, the inherent anisotropy
suggests that local structure models should be applied to best
explain the macroscopic behavior in terms of the molecular
arrangement.
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ARTICLE INFO ABSTRACT

Article history: This work reports the synthesis of 2-hydroxy ethylammonium oleate and bis(2-hydroxy
Received 25 March 2010 ethyl)ammonium oleate ionic liquids, which have a long aliphatic chain as well as the study of
Received in revised form 14 August 2010 some of their physical properties, in particular the effect of temperature on their density, speed of
Q\CI:]ZES i:l';:'eg;;;zom sound, viscosity, and refractive index. 'H and '>*C NMR spectra were used to characterize the chemical

structure of the species in concordance with FT-IR spectra. DOSY NMR spectra were used to determine
the self-diffusion coefficients of 2-hydroxy ethylammonium oleate ionic liquid, which were consistent

ﬁer{ivcvfi;dj;d with the formation of a lamellar or micellar liquid crystal phase; due the similar structure, a similar
Synthesis aggregation in the bis(2-hydroxy ethyl)Jammonium oleate ionic liquid it is expected.

Thermodynamics
Aggregation equilibrium

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In the last years, the environmental impact of substances has
become an important aspect for the correct development of the
industrial process. Currently, there are several new environmen-
tally benign chemicals that can replace those that are harmful
to the environment. lonic liquids, which are composed of anion
and cations of hydrophobic or hydrophilic nature, and often melt
at low temperatures, are a good example of these chemicals.
Ionic liquids have unique properties, such as low volatility, non-
flammability, high thermal stability, and high solvation capacity,
which allow them to be tailored as clean solvents in catalytic pro-
cess, electrolytes for batteries, photochemistry, electro synthesis,
among others [1-5]. Also, their liquid range can be as large as
300°C, allowing for large reaction kinetic control and easy sepa-
ration of organic molecules by distillation without loss of the ionic
liquid.

Up to date, many ionic liquids have been based on the imida-
zolium cation and, in a lesser proportion, on alkyl pyridinium and
trialkylamines [6]. Besides, ionic liquids can be classified in two
types, aprotic ionic liquids (AILs) and protic ionic liquids (PILs). Pro-
tic ionic liquids are interesting because they have a high mobile
proton, in addition to the classic tailored properties obtained by

* Corresponding author. Tel.: +34 981 563 100x14216; fax: +34 981 595 012.
E-mail address: miguel.iglesias@usc.es (M. Iglesias).

0378-3812/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.fluid.2010.08.022

changing the anion or cation with different alkyl chains [7]. PILs
are produced through proton transfer from a Bregnsted acid to a
Breonsted base. In this way, Bicak [8] synthetized an ionic liquid
formed from the neutralization of monoethanolamine with formic
acid. Greaves et al. [9] proposed different PILs from primary amines
and organic and inorganic acids. Iglesias and co-workers [10-12]
synthesized a family of these PILs by modifying the aliphatic chain
of the organic acid and/or using secondary and tertiary hydrox-
yamines. These authors emphasized the low cost, simplicity of
synthesis and different applications of this new ionic liquid fam-
ily. Moreover, the very low toxicity of this kind of ionic liquids
was verified [13]. Therefore, available physico-chemical proper-
ties or thermodynamic databases of this class of ionic liquid, either
pure or in mixtures, can be of technological and/or theoretical
interest.

Structural and physico-chemical properties of ionic liquids can
be studied with conventional liquid NMR methods [ 14]. They can be
useful to assess the chemical composition of the ionic liquids and for
the quantitative analysis of the species. Besides, NMR DOSY (Diffu-
sion Ordered SpectroscopY) experiments can be used to determine
self-diffusion coefficients, which are related to the molecular size
and viscosity. This paper presents the synthesis and study of
two ammonium based protic ionic liquids with long-chain anion,
2-hydroxy ethylammonium oleate (2-HEAO) and bis(2-hydroxy
ethyl)Jammonium (2-HE;AO). Density, speed of sound, refractive
index, and apparent viscosity were studied for both ionic liquids,
and the self-diffusion coefficient for the 2-HEAO.

Please cite this article in press as: V.H. Alvarez, et al., Synthesis and thermophysical properties of two new protic long-chain ionic liquids
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2. Experimental
2.1. Materials

Monoethanolamine and diethanolamine were obtained from
Aldrich, with 99% purity by mass, while oleic acid was obtained
from Sigma, with purity greater than 99.5% by mass. These compo-
nents were used as received. During the course of the experiments,
the purity of solvents was monitored by density and speeds of
sound measurements.

2.2. Preparation of the ionic liquids

The amine was placed in a three-necked flask made entirely of
glass, equipped with a reflux condenser, a PT-100 temperature sen-
sor for temperature control, and a dropping funnel. The flask was
mounted in a thermostatic bath. The oleic acid was added drop-
wise to the flask under stirring with a magnetic bar. The reaction is
a simple acid-base neutralization, producing an ester and a salt of
2-ethanolamine, which, in a general form, should be expressed as
follows:

(0]
HO +
\/\NH )k >
2 R OH

H
N +
HO/\/ \/\OH

R OH

where R is the alkyl radical present in the oleic acid. These chemi-
cal reactions are exothermic, so an adequate temperature control is
essential throughout the chemical reaction. The ionic liquid, a yel-
low liquid with graze appearance, was obtained when the reaction
process and purification (strong agitation and slight heating for the
vaporization of residual nonreacted acid for at least for 48 h) were
completed. In order to decrease the water content as much as pos-
sible, the ionic liquid was dried for 48 h at 323 K under vacuum of
20 kPa with stirring, before each use.

Humidity in the ionic liquid was measured using a Karl-Fisher
coulometric (Mettler-Toledo DL-32, Spain) titrator with Hydranal
Coulomat E supplied by Riedel de Hden as anodic/cathodic solu-
tion. Due to the high viscosity of the fluids direct measurement
are very difficult so the samples were diluted in absolute ethanol.
The solution was gravimetric prepared with a precision balance
(Mettler-Toledo ABS4-S/FACT), the humidity of the solvent and
solution was measured and the ionic liquid humidity was calculated
through a material balance.

2.3. Density, speed of sound, viscosity and refractive index
measurements

The densities and the speeds of sound of the pure liquids were
measured using a DSA 5000 digital vibrating tube densimeter
(Anton Paar, Austria). The uncertainty is +0.01K for tempera-
ture, +2 x 1078 gem=3 for density, and +0.01ms~! for speed of
sound. Dry air and distilled water were used as reference fluids
to calibrate the densimeter at each temperature. The mass of each
component was determined on a Kern 770 mass balance with an
accuracy of +1 x 10~4g. The apparent viscosities of ionic liquids
were analyzed using a Visco Elite L rheometer (Fungilab, Spain)
at different temperatures. The spindles used were the TL5 and L4,
and the speed ranges were selected in accordance with torque
range (minimum 10% and maximum 90%), as suggested by the
manufacturer. The temperature was controlled with a thermostatic

V.H. Alvarez et al. / Fluid Phase Equilibria xxx (2010) XXX-Xxx

bath (J.P. Selecta S.A., Spain) and measured with a calibrated ther-
mometer. The refractive indexes were analyzed by an automatic
digital RX-5000 refractometer (Atago, Japan) with an uncertainty
of £1 x 103 for the measurement. The temperature was controlled
with a Frigiterm thermostatic bath (J.P. Selecta, Spain). The thermo-
static bath has a temperature stability of 0.1 K, and it is measured
with a PT sensor built-in the refractometer, with an uncertainty of
+0.1K.

2.4. FT-IR and NMR spectroscopy

The FT-IR spectra were obtained with a Varian FT-IR
670 spectrometer set to medium and high frequency spectra
(7900-20cm~), using the ATR method. The device has a resolu-
tion of 0.10 cm~" and a relation signal-noise of 5 s of 12,000:1 with
75% of light attenuation.

All the NMR experiments were performed at 298K in an 11.7
T Varian Inova-750 spectrometer (operating at 750 MHz proton
frequency). The NMR spectra were processed with the Mestre-C
software [15].

0
HO
\/\N+H3 )k _
R 0
0
+H,
N
Ho” N N"Son r o

Samples of 2-HEAO and 2-HE,AO were studied by NMR. Sam-
ple preparation required only the transfer to a 5mm NMR tube.
An external reference standard capillary containing deuterated
3-(trimethylsilyl)-propionic-D4 acid (TSP) 0.1 M in dimethyl sul-
foxide (DMSO) was introduced coaxially in the NMR tube. The
TSP signal at ~0ppm was used to determine the absolute con-
centrations in the 1D proton spectrum and the DMSO was used
for deuterium lock. The integral of the 'TH NMR signal of TSP
in the capillary was calibrated with a sample of sucrose 0.2M
dissolved in D,0 prepared in a 5mm NMR tube. The anomeric
glucose proton appearing at ~5.2 ppm was chosen for the calibra-
tion.

For each sample there were performed the following NMR
experiments:

(i) 1D-'H NMR quantitative experiments were performed with a
33° pulse and a conveniently long interscan relaxation time
(dq 105s). These conditions were used to assure the exactness
of the signal integration.

(ii) NMR spectra 1D 3C, 2D TOCSY, 2D HMQC and 2D HMBC were
obtained using standard methodology.

(iii) NMR DOSY experiments were performed with the convection
compensated double stimulated echo sequence [16]. Diffusion
encoding and decoding periods were made with pulse-field
bipolar gradients, whose duration was 4ms. The gradient
power level (g in Egs. (1) and (2) below) used for diffu-
sion encoding-decoding was varied linearly between 2 and
62Gcm~! in 50 steps, with acquisition of the FID at each step.
The DOSY experiments were repeated with 50, 100, 200 and
300 ms diffusion delay period.

The self-diffusion coefficients were calculated in each DOSY
experiment by fitting the intensity of each NMR signals to the fol-
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lowing equation [16]:

1G) _ 00

10) = (1)

where I(G) is the signal integral in the presence of the gradient and
1(0) is the intensity of the signal with the lowest gradient, D is the
self-diffusion coefficient and the gradient strength Q is calculated
according to:

45 5t T
_ D 1 2
Q=q <t+73+74 +74> (2)

where t is the diffusion delay used in the experiment and g and the
delay variables (§, 71, and 1) are explained in the original Ref. [16].

The DOSY experiment is sensitive to reactions that may occur
within any of molecules present in the sample. Two type of
exchange reactions that were found to be relevant for the inter-
pretation of the results in the study of 2-HEAO were:

i. Exchange type I: DOSY and chemical exchange among labile protons.
Labile protons of the IL may undergo fast chemical exchange with
other labile protons and with the residual H,O solvent. In such
situation the observed diffusion coefficient for the NMR signal,
Dops, is an apparent diffusion coefficient that can be calculated
from all the species that intervene according to Eq. (3) [17]

Dops = XaDa + x8Ds + XcDc + -+ (3)

where A, B, C refers to the molecular species with exchangeable
protons, Da, Dg and D¢ are their respective diffusion coeffi-
cients, and ya, xs, xc are their respective molar fractions, with
Xatxgtxct---=1

i. Exchange type II: DOSY and bimolecular association. Consider the
case of bimolecular association equilibrium between the cation
and anion of the IL that takes to the transient formation of anion-
pair with slow or intermediate exchange with the single species
respect to the diffusion time scale. The DOSY experiment per-
mit to detect this type of exchange when there is modulation
in the determined diffusion coefficient of the non-labile protons
respect to the diffusion delay time (A) used in the experiment
[18].

3. Thermodynamic data treatment

The measured density, speed of sound and refractive index of
the ionic liquids were correlated as a function of temperature in
accordance to:

Z=Ag+AT +A,T? (4)

where Z is density (gcm~3) or speed of sound (ms~!) or refractive
index, A; represents the fitting parameters, and T is the absolute
temperature (K). The apparent viscosity (1) was fitted with an
Arrhenius type equation, normally used for Newtonian fluids:

7 = Agel41/D (5)

where 7 is viscosity (mPas), T is the absolute temperature (K), and
A; are adjustable parameters.

The ions were considered as large spherical shapes. Therefore,
the effective radius of these molecules can be calculated using the
Stokes-Einstein equation. In this formula, for the calculation of
Brownian diffusivity, the diffusivity varies directly with absolute
temperature and varies inversely with both viscosity and molecular
radius:

kT
" r6my

(6)

where D is the Brownian diffusivity (m2s—1), k is the Boltzmann'’s
constant (JK~-1), Tis the absolute temperature (K), 1 is the viscosity
of the medium (Pa s) and r is the radius of the species.

In order to explore the strength and nature of the interactions
between the ionic liquid species, the molecular radius, r, were cal-
culated from the sound velocity and density data [19].

po M RT 1 M2 2 1 .

=2 \o) " 3rr | ~ ™
3b 1/3

r=<16nNA> &

where b is the van der Waal’s constant, M is the molecular weight,
Ny is the Avogadro’s number, and R is the universal gas constant.

4. Parameter estimation

For all models, the first approximation parameter estimation
was performed using a genetic algorithm code, mMyGA, using
a whole interval search [20]. After that, the fitting parameters
were computed using a non-linear optimization procedure based
on Marquardt algorithm. The regression was performed with the
minimization of the standard deviation between experimental and
calculated values, o, defined as:

N (Foxp — Fog)? "
P [Z exp;v cali:| (9)

i=1

where N is the number of experimental points and F, and Fexp
are the calculated and experimental values of the property, respec-
tively.

5. Results and discussion

The results of the FT-IR analyses were very similar for the
two ionic liquids. The spectra showed a broad band in the
3500-2400cm~! range that is characteristic of the ammonium
structure. The OH stretching vibration is embedded in this band.
The broad band centered at 1600 cm~! is a combined band of the
carbonyl stretching and N-H plane bending vibrations. The FT-IR
spectra with these bands are shown in Figs. S1 and S2 in the sup-
plementary material.

NMR provided further insight in the chemical composition of
the ionic liquids. The chemical composition was determined by
combination of 1D 'H, 1D 13C, 1D >N, 2D-TOCSY, 2D-HMQC and
2D-HMBC. The 2D experiments provided H-H or H-C through-
bond correlations that assisted the NMR signal assignment and
confirmed the structure synthesized. For instance, the 2D TOCSY
spectrum of 2-HE;AO is shown in Fig. 1. The off-diagonal H-H cor-
relations peaks observed in this spectrum correspond to a pair of
protons that are connected by covalent bonds to the same molecule
and are part of the same coupled spin system. For each ionic liquid
studied here, the ratio cation:anion obtained from the quantitative
analysis of the non-exchangeable signals in the 'D proton spectra
(see Fig. 2 and Fig. S3 in the supplementary material) is ca. 1 £ 0.07,
which is in agreement with the expected for ionic liquids.

In equilibrium with air, the ILs 2-HEAO and 2-HE;AO con-
tains 0.0159+0.0008 and 0.0126+0.0008 of water in weight
fraction. After the drying procedure, the humidity determined
(expressed as water weight fraction) of 2-HEAO and 2-HE;AO was
0.0058 +0.0009 and 0.0057 + 0.0005, respectively.
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Fig. 1. TOCSY spectrum for the 2-HE,AO. The vertical and horizontal traces shown correspond to the 1D proton spectrum.

5.1. Study of the of exchange reactions by diffusion NMR
experiments

DOSY NMR experiments based in the stimulated echo permit to
determine the self-diffusion coefficient of the molecular specie that
generates a given NMR signal [12,16]. In the DOSY experiment, the
intensity of a given NMR signal is attenuated by the diffusion of the
specie it belongs to as a function of the total gradient strength used
in the experiment according to Eqs. (1) and (2). Fitting the signal
intensities of the DOSY experiments for the 2-HEAO to the previ-
ous equations provided the results of Table 1; a similar behavior

is expected for the 2-HE;AO. Then, the DOSY experiment was not
done for the 2-HE,AO ionic liquid.

For the discussion of the DOSY results, it is illustrative to con-
sider the DOSY decay curves of Fig. 3 that correspond to the three
different protons of 2-HEAO at 50 and 300 ms. The faster decay of
the intensity of the labile NH,* protons at ~7.7 ppm respect to the
other two signals gives an apparent diffusion coefficient for this sig-
nal faster than the non-exchangeable protons of the ethanol amine
of 2-HEAO. This is reflected in the diffusion coefficients of Table 1,
in which the diffusion of the NH,* group is much faster than D* and
D~ in the 2-HEAO. This result can be clearly attributed to the chemi-

6,656
5,003
3462

2,743
1,820
1,703
1,240
0,997
0,566

4

N
=
=

Fig. 2. 1D proton spectrum for the 2-HE;AO at 353.15K.
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Analysis of the DOSY NMR experiments measured for the 2-HEAO at 353.15K.

A (ms)

D* (x10"2m?2s1)

D~ (x107 2 m?s71)

DNH2™ (x10~

12251y * (A)

1~ (A)

0
50
100
200
300

25,5522

31.6+0.02
22.5+0.02
17.1+£0.02
15.4+0.02

32,0232

32.6+0.01
21.6+0.01
16.4+0.02
14.7 £0.02

39.3 £ 0.02
28.3 £0.02
228 +£0.01
21.0 £ 0.02

0.001
0.84

1.55
1.72

0.0001
0.81
1.23
1.61
1.81

2 Extrapolated value for 0.0001 ms diffusion time with the model: D=a+ bt%5 +ct=95,

cal exchange of the labile protons of NH,* with other labile protons
(e.g. OH proton) in the sample and with H,O traces due to its inher-
ent hygroscopicity (exchange type I). On the other hand, in Fig. 3
the comparison of the DOSY decay curves of the non-exchangeable
protons of cation and anion components of 2-HEAO show that their
decays are very similar as expected if the two species were forming
an ion-pair (see below).

Restricting our analysis to the non-exchangeable protons of 2-
HEADO, the results of Table 1 show that, for both cation and anion, the
determined diffusion coefficient is modulated by the specific diffu-
sion time period A thatis used in the DOSY experiment. In the range
of A from 50 to 300 ms, the trend observed is that the self-diffusion
coefficient systematically decreases the larger is the diffusion time
parameter. This observation cannot be explained by the eventual
presence of thermal convection in the IL samples [21], since this
effect would increase the diffusion coefficient either with turbu-
lent or constant laminar flux currents, while the effect observed
is exactly the opposite. On this regard, the constant laminar flux
is already eliminated with the compensated double-stimulated-
echo [16] version of the DOSY experiment that was used here. The
conclusion is that the NMR diffusion of Table 1 is possible reflect-
ing an undergoing bimolecular association exchange equilibrium
between the cation and anion specie of 2-HEAO to form an ion-
pair (exchange type II). Further evidence of the formation of the
ion-pair in 2-HEAO was obtained from NOESY NMR experiments
that proved the spatial proximity between the non-exchangeable
protons of the cation and the anion (data not shown).

One important observation in the data of Table 1 is that there
are consistent differences between the diffusion coefficients deter-
mined for the cation (D*) and anion (D) species within the same
sample and same diffusion delay period A. In any case, these differ-
ences observed are beyond the experimental fitting error. On this
basis, the faster diffusion observed for one ion respect to the other
in 2-HEAO in Table 1 is probably reflecting the presence of a certain

1(G) /1(0)

i,

Aag,,

0.0
[0

5x10 1x10"! 1.5x101

Q/Gm?

Fig. 3. DOSY signal intensity decay I(G)/I(0) of different 'H NMR signals of 2-HEAO
as a function of the gradient strength Q applied. The open symbols are data at 50 ms
and the closed symbols are data at 300 ms. The symbols (O) and ((J) correspond to
non-exchangeable 'H NMR signals of the anion (9C) and cation (2C), respectively.
The symbols (A) corresponds to the chemically exchangeable protons of the NH,*
group (1N).
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Fig. 4. Refractive index at 298.15 K vs. molality of 2-HEAO diluted in ethanol.

amount of the free anion and free cation species in the equilibrium
that takes to the formation of the ion-pair both, with these free
species having a slightly different diffusion.

The exchange of type II described in the analysis of the DOSY
results of Table 1, also permits the possibility that a number of
ion-pairs of 2-HEAO self-associate to form a high-molecular weight
aggregate such as alamellar phase or a micelle. On this regard, com-
partmental diffusion [22,23] occurring in a lamellar/micellar phase
would explain the dependence of the diffusion coefficient with the
diffusion delay period A in Table 1. Independent evidence of such
aggregation process was obtained by measurement of the refractive
index in dilution studies of 2-HEAO or 2-HE, AO with ethanol as sol-
vent.InFigs.4 and 5 are represented the refractive index against the
molality of 2-HEAO and 2-HE; AO, respectively, with discontinuities
at molality ~1.378 and ~0.914, respectively. These discontinu-
ities could indicate the presence of a critical micelle concentration
(cmc). The analysis by low angle X-ray scattering of diluted samples
of ILs below and above the cmc, (2-HEAO molalities of 0.4 and 2.2,
and 2-HE,;AO molalities of 0.7 and 1.0), showed that the sample
below the cmc does not lead to the formation of high-molecular
weight aggregates, on the contrary, the sample with molality over
the cmc shows a broad peak correspondingly to a high-molecular
weight aggregate of a size between 25 and 30A, as can be seen in
Figs. 6 and 7. In these figures, also can be appreciate a broad peak
correspondingly to aggregates of a size between 3.5 and 4.5A. In

1.40
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137 - . :
0 05 0914 4 15 2

m/ mol Kg*!

Fig. 5. Refractive index at 298.15 K vs. molality of 2-HE,AO diluted in ethanol.
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Fig. 6. Low angle X-ray scattering measurements for a mixture of ethanol + 2-HEAO
with molalities of 0.4M and 2.2 M

addition, this size is similar to the aggregates in aqueous mixtures
of the 2-hydroxy ethylammonium acetate, as can be seen in Fig. 8.
This size is similar for the three ILs indicating a similar aggregation
for structure for the pair cation-anion and probably interchanging
protons.

We speculate that given the amphiphilic nature of these ILs, the
alkyl chains of the anion may aggregate to form a liquid crystal
lamellar or micellar phase that is represented in Fig. 9. In the lamel-
lar structure shown Fig. 9, the highly hydrophobic alkyl chains of
anion molecules would be packed together in the lamellar/micellar
phase leaving the polar carboxylate anion head exposed to the
hydrophilic inter-lamellar/micellar space, in close contact with
the cation species and eventually with the water traces. In fact,
the formation of lamellar/micellar phases is not uncommon in
amphiphilic molecules [24].

In compartmental systems, the DOSY self-diffusion coefficients
can be determined by setting a very low diffusion period param-
eter in the DOSY experiment [22,23]. However, such experiment
would require special diffusion probes in the spectrometer hard-
ware. A more feasible possibility is to extrapolate the determined
self-diffusion coefficients in Table 1 to diffusion time assuming a
nonlinear dependence with the diffusion time. Therefore, the self-
diffusion coefficients corrected by this method correspond to the
authentic diffusion of the species in the compartment. Thus, the
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Fig.7. Low angle X-ray scattering measurements for a mixture of ethanol + 2-HE; AO
with molalities of 0.7 M and 1.0 M.

Fig. 8. Comparisons for low angle X-ray scattering measurements for a mixture of
ethanol +2-HEAO and ethanol +2-HE; AO at cmc concentrations and water + 2-HEAA
at2.2M.
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Fig. 9. Scheme of a lamellar liquid crystal phase of 2-HEAO.
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Table 2
Molecular mass (M), experimental density (o), speed of sound (u), refractive index
(np), molecular radius (r) at 298.15K, and viscosity (1) at 353.15K.

2-HEAO 2-HE;AO
M/gmol-! 343.54 387.60
plgem—3 0.936505 0.965108
u/ms™! 1509.91 1521.33
np 1.48994 1.48855
n/mPas? 97.5 79.7
/A 331 341
2 At353.15K.

corrected values of diffusion in Table 1 together with the viscosity
data of Table 2 can be used to determine the correspondingly effec-
tive molecular radius of the species by means of the Stokes-Einstein
equation in Eq. (6). The effective radii calculated with this method
are givenin Table 1. Clearly, the effective radii calculated from DOSY
data suggest that this experiment is essentially reflecting the size
of the cation and anion when they form the ion-pair and not that
of the aggregate of a size between 25 and 30 A.

For each IL sample, the effective radius determined with the
thermo-acoustic equation in Eq. (8) in Table 2 is very different from
the determined with the NMR diffusion coefficient of Table 1 and
the Stokes-Einstein equation. Systems forming lamellar/micellar
phases do not fulfill the conditions for the applicability of the
Stokes-Einstein equation, and long aliphatic chain molecules do
not fulfill the conditions for the applicability of the thermo-acoustic
equation therefore the effective radius determined in Tables 1 and 2
are not reliable for these ILs.

5.2. Physicochemical properties

The macroscopic physical properties of the ionic liquids, densi-
ties, speed of sound, viscosity and refractive index were measured
and they are given in supplementary material. Besides, the two
ionic liquids are partially soluble in water and soluble in methanol
or ethanol.

The density and speed of sound for all ionic liquids were studied
from 278.15 to 338.15K, with an interval of 0.25K between each
temperature. The viscosity was studied from 338.15 to 368.15K,
with an interval of 10K between each temperature. The refractive
index was studied between 278.15 and 333.15K, with an interval
of 10K. Table 2 shows the properties at 298.15K or 353.15K, and
Table 3 contains the fitting parameters and deviations for density,
speed of sound and refractive index, by Eq. (4), and viscosity, by Eq.
(5), for all temperatures studied.

The effect of temperature in the density, speed of sound, refrac-
tive index and apparent viscosity can be seen in Figs. 10-15. In all
the samples studied there is an inverse relationship between these
properties and the temperature, which is in agreement with the
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Fig. 12. Isentropic compressibility vs. temperature. (-) 2-HEAO, (-) 2-HE,AO.

Table 3
Fitting parameters for physical properties and root-mean-square deviations ¢ in accordance with Egs. (4) and (5) for the ionic liquids.
plgcm! u/ms! np n/mPas!
2-hydroxy ethylammonium oleate
Ao —3.7744 x 10782 5.6622 x 10732 —~1.7561x 106 1.2438 x 10-6P
Ay —6.1533 x 10742 —-6.80797 6.7200 x 104 6429.4°
Az 1.12332 3036.7° 1.4455 -
o 5.1 0.4 5.2e-4 26
bis(2-hydroxyethyl)ammonium oleate
Ao —1.2656 x 107 9.8505 x 103 —2.6515x 106 9.5620 x 1077¢
Ay —5.7614 x 104 —9.4434 1.2212x 1073 6437.7¢
Az 1.1482 3462.7 1.3606 -
o 2.0e-5 1.2 2.0e-3 0.6

2 From 286.15 to 343.15K.
b From 338.15 to 369.15K.
¢ From 348.15 to 369.15K.
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Fig. 13. Refractive index vs. temperature. (O) 2-HEAO, (O) 2-HE, A0, (solid line) fit.
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Fig. 14. Apparent viscosity vs. temperature over the melting point. (O) 2-HEAO, (O)
2-HE,AO, (solid lines) fit.

expected for fluids. The isentropic compressibility (Fig. 12) were
calculated from the Newton-Laplace equation and refractive index
(Fig. 13) show a decreasing trend in the packing efficiency for the 2-
HE,AO, the compound with a larger alkyl chain in the cation. Also,
these figures show an inflection at ~287 K for the 2-HEAO, that can
be explained for the formation of a new molecular structure, as a
new physical phase.

The viscosities are shown in Figs. 14 and 15. Both ionic lig-
uids have a Newtonian behavior from 338.15 up to 368.15K and
their value varies exponentially with temperature. Besides, the
both ionic liquids show a non-Newtonian behavior below 338.15K.
The observation that the enhancement in macroscopic viscosity
is unrelated with the NMR diffusion coefficients suggests that the
later are not reflecting the macroscopic diffusion of the ionic liquid
but just the relatively much faster local or compartmental diffu-
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Fig. 15. Apparent viscosity vs. the rate of the spindle at 328 K. () 2-HEAO, (0)
2-HEAO.

sion in the lamellar/micellar phase, which is in agreement with
the non-applicability of the Stokes-Einstein equation commented
above.

6. Conclusions

Two ammonium-based Brgnsted acid ionic liquids with long
aliphatic chain were synthesized: 2-hydroxy ethylammonium
oleate and bis(2-hydroxy ethyl)Jammonium oleate, and the NMR
spectra confirmed the molecular structure. The diffusion NMR
results, measurements of low angle X-ray scattering and index of
refraction of dilute mixtures in ethanol suggest the existence of
an ordered lamellar/micellar phase liquid crystal for those ionic
liquids. On the other hand, the diffusion NMR data is rather unsen-
sitive to the diffusion of such large aggregate, and essentially reflect
the diffusion of the single ion-pair. However, the observed depen-
dence of the diffusion coefficient with the diffusion delay A of the
experiment strongly suggests the effects of compartmental diffu-
sion which is consistent with the formation of a lamellar/micelle
phase. For systems forming lamellar/micellar phases, the inherent
anisotropy suggests that local structure models should be applied in
order to best explain the macroscopic behavior from the molecular
arrangement.

List of symbols

A diffusion delay period used to encode-decode diffusion
in the DOSY experiment

D* average self-diffusion coefficients of the non-
interchangeable signals of cation

D~ average self-diffusion coefficients of the non-
interchangeable signals of anion

DNH2*  apparent diffusion coefficient of the exchangeable proton
signal of NH,*

r* effective radius of the cation calculated with the
Stokes-Einstein equation

r effective radius of the anion calculated with the
Stokes-Einstein equation

k Boltzmann’s constant

AlLs aprotic ionic liquids

NMR nuclear magnetic resonance

np refractive index

PILs protic ionic liquids

u speed of sound

Greek letters

n viscosity

o standard deviation between experimental and calculated
values

Ks the isentropic compressibilities

P density
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.fluid.2010.08.022.
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4.2. MISTURAS CONTENDO LIQUIDOS IONICOS

A validagdo da metodologia utilizando a silica-gel permitiu observar que a caixa de acrilico pode
manter uma atmosfera seca menor que 10% durante 5 horas, tempo que a silica-gel permanece de
cor azul. Além deste tempo, mesmo na atmosfera de nitrogénio, a silica-gel comeg¢a a mostrar
uma coloracdo rosa, indicando a presen¢a de umidade. Tempo suficiente para preparar as

solugdes binarias dos liquidos idnicos com os solventes.

4.2.1.PROPRIEDADES FISICO-QUIMICAS

Nesta se¢ao foram estudadas as interagdes entre solventes tipicos organicos com liquidos i0nicos,
que geralmente sao usadas na industria em termos de densidade e velocidade do som em funcao
da temperatura e concentracdo molar. Os volumes de excesso e desvio de compressibilidade
isentropica obtidas da densidade e velocidade do som foram calculados de modo a ampliar o
conhecimento de como estes interagem com os liquidos idnicos e solventes. Os solventes
estudados neste capitulo sdo ésteres (o mais usado no mundo inteiro), aldeidos (o mais usado no
Brasil), etanol (devido ao seu uso importante no Brasil), metanol e dgua, dados experimentais

apresentados na seguinte secao como artigos.

Artigo publicado:

O presente artigo estuda as propriedades volumétricas de solucdes de solventes hidroxilicos e o
liquido 16nico 2-HEAA. Outros estudos de solucdes binarias sdo apresentados juntos com dados

do ELV, nos artigos do seguinte item.

Alvarez, V.H.; Mattedi, S.; Martin-Pastor, M.; Aznar, M.; Iglesias, M. Thermophysical properties
of binary mixtures of ionic liquid 2-hydroxy ethylammonium acetate + (water, methanol or
ethanol), J. Chem. Thermodyn., submetido, 2010.
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Artigo 4.3: Thermophysical properties of binary mixtures of ionic liquid 2-hydroxy
ethylammonium acetate + (water, methanol or ethanol)
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Abstract

In this work, density and speed of sound data of binary mixtures of an ionic liquid consisting of
2-hydroxy ethylammonium acetate (2-HEAA) + (water, methanol or ethanol) have been
measured throughout the entire concentration range, from 288.15 K to 323.15 K at atmospheric
pressure. The excess molar volumes, variations of the isentropic compressibility, the apparent
molar volume, isentropic apparent molar compressibility and thermal expansion coefficient were
calculated from the experimental data. The excess molar volumes were negative throughout the
whole composition range. Compressibility data in combination with low angle X-ray scattering
and NMR measurements proved that the presence of micelles formed due to ion pair interaction
above a critical concentration of the ionic liquid in the mixtures. The Peng-Robinson equation of
state coupled with the Wong-Sandler mixing rule and COSMO-SAC model was used to predict
densities and the calculated deviations were lower than 3%, for binary mixtures in all
composition range.

Keywords: protic ionic liquid; aggregation; intermolecular free length; COSMO-SAC

1. Introduction

Ionic liquids are organic salts which are liquid at room temperature. They have emerged as
possible "green" solvents because they have very low vapor pressure and are stable within a wide
temperature range and therefore have no polluting gas emissions. Through the adequate
combination of cations and anions, the design of ionic liquids can enable the development of
more efficient processes and products. Ionic liquids can be used as solvents in catalytic reactions
[1], separation processes [2,3], electrolytic cells [4], heat transfer fluids [5] and other
applications. However, there are two main problems with these new solvents: 1) their resistance to
photodegradation [6] and low biodegradability [7], turning them into persistent pollutants that
break through classical treatment systems into natural waters; ii) their expensive production
costs; for example, through using the task-specific ionic liquids designed by tethering amine

! Corresponding author: Tel.: + 34 981 563 100 ext.14216; fax: + 34 981 595 012. Email address:
miguel.iglesias@usc.es (M. Iglesias).
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functional groups to improve the absorption of CO, the process costs are increased [8]. These
facts have led to the search for a new class of ionic liquids.

Bicak [9] synthesized 2-hydroxy ethylammonium formate (2-HEAF) through the reaction of
monoethanolamine with formic acid. Yuan et al. [10] and Iglesias and co-workers [11,12]
synthesized several ionic liquids from this hydroxyl ethylammonium family, by modifying the
aliphatic chain of the organic acid, emphasizing the low cost, simplicity of synthesis and different
applications of this new family. Moreover, it was verified that some ionic liquids in this family
present a negligible toxicity [13]. As a part of the characterization of these new compounds,
physicochemical properties for pure ionic liquids and its mixtures with organic substances and
water are of technological and theoretical interest.

Among several thermodynamic properties, volumetric and isentropic compressibilities are some
of the most important for design and theoretical study. Previous studies [14] have shown that the
addition of even small amounts of a low molecular weight solvent can dramatically increase or
decrease the density and viscosity of ionic liquids. In & previous work, the densities and speed of
sound for pure 2-HEAF and its binary mixtures with water, methanol or ethanol were studied
[15].

Therefore, this work is a continuation of our research on the thermophysical properties of
ammonium based ionic liquids. The ionic liquid 2-hydroxy ethylammonium acetate (2-HEAA) is
synthesized and purified. The density and speed of sound data for the binary systems 2-HEAA +
(water or methanol or ethanol) at temperatures from 298.15 up to 313.15 K over the whole
composition range are reported at atmospheric pressure. The measured data is used to obtain the
excess molar volumes, variations in the isentropic compressibility, the apparent molar volume,
the apparent molar isentropic compressibility, and the thermal expansion coefficient of the
mixtures. Compressibility data, in combination with low angle X-ray scattering and NMR
measurements proved the formation of a complex mediated by ion pair interaction over a critical
concentration of the ionic liquid in the mixtures.

2. Experimental

2.1. Materials and methods

Ethanolamine was obtained from Aldrich at 99 % purity by mass, while acetic acid was obtained
from Sigma at 99.6 % purity by mass. The alcohols used in the preparation of the samples were
supplied by Merck with purity levels greater than 99.6 % by mass. These compounds were used
as received, without further purification. Double distilled deionized water was used for
preparation of the solutions. During the experiments, the purity of solvents was monitored by
density and speed of sound measurements. In Table 1, experimental density and speed of sound
of pure compounds are compared with literature data. The pure compounds were protected from
sunlight and maintained at constant humidity and temperature.
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Table 1. Physical properties of pure compounds at 298.15 K and properties of the substances
used in the modeling.

R 3 T
Compound Mg/ & heem ) wAms ) T, P, ,  COSMO  Veouo
mol') Exp. Lit. Exp. Lit. (K) (MPa) Segments® (A8
2-HEAA  121.14 22  1.149039 - 1790.73 - 699.22°  4.139°  0.93590° 717 160.550
water 18.02 12 0997040 0.99705" 1496.89 1496.69° 647.13" 22.055" 0.34486" 136 25.750
methanol ~ 32.04 1.6 0.786710 0.78637* 110298 1102.00° 512.50° 8.084" 0.56583" 258 48.548
ethanol 46.07 1.8  0.785261 0.78493" 1143.50 1143.00° 514.00° 6.137° 0.64356" 384 69.856

357, °[36], “[371, [38], °[39], T[40], ¥[this work], MM : molecular mass, r: molecular radii, p:
density, u: speed of sound, 7. critical temperature, P,: critical pressure, w. Pitzer acentric factor,
Vecosmo: molecular volume calculated by the COSMO salvation model.

Density and speed of sound of the pure liquids and mixtures were measured using a DSA 5000
density and speed of sound meter (Anton Paar) with accuracy of + 0.01 K for temperature, +
5x10° gem™ for density and + 0.01 m's™ for speed of sound. Dry air and double distilled
deionized water was used as a reference fluid to calibrate the densimeter. The mass of each
compound was determined on a Kern 770 mass balance with an accuracy of + 1x10™ g.

2.2. lonic liquid synthesis

Ethanolamine was placed in a triple necked glass flask equipped with a reflux condenser, a PT-
100 temperature sensor for controlling temperature and a dropping funnel. The flask was
mounted in an ice bath. The acetic acid was added dropwise to the flask while stirring with a
magnetic bar. Stirring was continued for 24 h at room temperature in order to obtain a final
viscous liquid. The reaction is a simple acid—base neutralization forming a Brgnsted ionic liquid,
as shown in Figure 1. Ionic liquid 2-HEAA is hygroscopic, and in order to decrease the water
content as much as possible, it was dried for 48 h at room temperature under a vacuum of 20 kPa
while stirring, before each use.

3
O
5 7
O
HO ){L “H3N \/‘\
\/\NH + )L —_— O OH
? OH 2 4 6 8

2-aminoethanol acetic acid 2-hydroxy ethylammonium acetate
Figure 1. 2-HEAA Brgnsted ionic liquid synthesized by acid-based neutralization. The
numbering system used in the text is indicated.

2.3. Experimental procedure

Each mixture was prepared with a known mass of ionic liquid and solvent, both injected into a
glass vial using a syringe. The mixtures were sealed in the vials with an aluminum cap and a
rubber plug. Also, the empty space in the vials was minimized, in order to avoid evaporation
losses. The mixtures were injected into the DSA 5000 densimeter, and simultaneous
measurements of density and speed of sound at each temperature and atmospheric pressure (=100
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kPa) were obtained. The density and speed of sound experimental uncertainties were less than +
3107 g'cm'3 and + 0.5 m.s”', respectively.

2.4. NMR spectroscopy

All the NMR experiments were performed at 298 K in a 17.6 T Varian Inova-750 spectrometer
(operating at 750 MHz proton frequency). The spectra was processed with Mestre-C software
[16].

Four NMR samples were prepared, pure 2-HEAA and three binary mixtures of 2-HEAA + water
(molar ratio 30:70), 2-HEAA + methanol (molar ratio 30:70) and 2-HEAA + ethanol (molar ratio
40:60). Sample preparation required only the transfer of the mixture to a 5 mm NMR tube. An
external reference standard capillary containing a deuterated 3-(trimethylsilil)-propionic-D4 acid
(TSP) 0.1 M in DMSO that was introduced coaxially in the tube. The external DMSO was used
for deuterium lock. The external TSP was used for chemical shift referencing of the 'H and "C
NMR spectra (TSP resonates at O ppm in these two types of spectra). The external TSP proton
signal was also used for the determination of absolute concentrations with the "H NMR spectra.
For this task, the integral of the 'H-NMR signal of TSP in the capillary was calibrated with
respect to a sample of 0.2 M of sucrose dissolved in D,O prepared in a 5 mm NMR. The
anomeric glucose proton appearing at =5.2 ppm was chosen for the calibration.

For each sample, a 1D-'"H NMR quantitative experiment was performed with a 33° pulse and a
conveniently long interscan relaxation time (d; 10 s). These conditions were used to assure the
exactness of the signal integration. NMR spectra 1D °C, 1D "N, 2D TOCSY, 2D HMQC and
2D HMBC were acquired using standard methodology.

3. Data treatment
3.1. Volumetric and compressibility properties
The density and speed of sound for the mixtures were correlated by:

P q R
z=Y {ZBUT]}C{I (1)

i=0 \ j=0

where Z is the density or speed of sound of the mixture, x; is the mole fraction of the solvent, p
and ¢ are the polynomial degrees, B;; are the fitting parameters, and T is the absolute temperature.
The excess molar volumes (V) and changes of isentropic compressibility (Jks) were calculated
by:

vE = %x‘M-(l—ij 2)
l':ll l P Pi

N
§KS :Ks—zxiKSl’ (3)
i=1

where N is the number of compounds in the mixture, x; is the mole fraction; M; denotes molar
mass; p; is the density of the pure compound i, p is the density of the mixture, «;s is the isentropic
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compressibility of the mixture, xg; is the isentropic compressibility of the pure compound i
calculated from the Newton-Laplace equation. These derived properties were fitted to a Redlich-
Kister-type equation:

0, = XX, — Z[{ZCUT’J X, =X, J 4)

where Q;; is VE or ks and the other variables are the same as above.

The apparent molar volume (@) and the isentropic apparent molar compressibility, (@ cm’ mol
" TPa™) were calculated by:

oy = 1000(@] + M, (5)
mpyp P
by, —1000( "Slj+xs¢v ©6)
mp

where p is the density of the mixture, p; is the density of the solvent, M, is the molar mass of
ionic liquid, m is the molality of the solution, xg is the isentropic compressibility of the solution
and «g; is the isentropic compressibility of the solvent. These derived values were correlated by a
modified Redlich—-Mayer equation, where the fitting parameters show a temperature dependence:

&y =[i¢:ﬁ’}+i{[i¢; T"jmf*J (7)

where F represents any apparent molar property and ¢, and ¢ij are fitting parameters.

The thermal expansion coefficient (o) shows the temperature dependence of volume, and is
defined as:

_1(ovV) _ (dlnp
aP_V(aTjP_ ( oT j,, ®

3.2. Molecular radii and intermolecular free length

In order to explore the strength and nature of the interactions between the compounds, other
thermodynamic properties were calculated from the speed of sound and density data. For pure
components these properties are; the molar volume, V, the van der Waals constant, b, and the
molecular radius, » [17]:

M= xM, 9)

i
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V=MI/p (10)

RT o2
b=V — ||| 1+ -1 (11)
pu 3RT

3p 1/3
. (12)
167N ,

where N, is the Avogadro number and R is the universal gas constant. The free length between
the surfaces of the molecules [18], Ly, can be obtained by:

Ly =2V,/Y (13)

where Y is the molar surface area and V,, is the available volume, calculated by

Y =36avv)!3 (14)
V,=V-V, (15)
Vo=v(-T1/T,)>? (16)

where V, is volume at zero absolute temperature, and 7. is the critical temperature. For
compounds without experimental critical properties data, such as ionic liquids, the method of
Pandey et al. [19] can applied to calculate the available volume.

3.3. Density predictions

The calculation of the molar volume of the mixture at a specific temperature and pressure can be
predicted by an equation of state. The Peng-Robinson equation of state [20], coupled with the
Wong-Sandler mixing rule [21] using the predictive liquid activity coefficient model COSMO-
SAC [22] was used as a thermodynamic model to predict the density. In the COSMO model, for
each compound, the equilibrium molecular geometry is first determined by minimization of the
molecular energy at 0 K. The next step for COSMO-SAC calculation was to estimate the cavity
volume (Vcosmo), the total number of segments (COSMO Segments), and the sigma profile of
each compound. The calculations were done using the quantum chemistry package DMol3 built
in the Accelrys Materials Studio v4.3. The sigma profile, p(c), is a file containing the probability
of finding a surface segment with screening charge density, c. The detailed settings for DMol3
can be found elsewhere [23] and, for the molecular description of the ionic liquid, the ion-pair
approach [24] was used. The sigma profile of ionic liquid has been obtained for the molecule as a
whole. The activity coefficient was then calculated [23]. The Peng-Robinson equation can be
written in terms of the compressibility factor (Z) by:

Z3-(1-B)Z*+(A-3B>-2B)Z—(AB-B>-B%)=0 (17)

where A and B are given by:
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a P

A= (18)
P
B=2% (19)

where the constants a,, and b,, are expressed as functions of the concentration of the different
components in the mixture, through the so-called mixing rules. In this work, the Wong-Sandler
mixing rules are used:

zzm%@_“jy

b, = AP (20)
bRT QRT
E
@n:bm{Ejﬁf"4~%?} 1)
b a _ (bii +b (1 ky )\] a4 i o)
“wT)T 2 22
ij

In these equations, k;; is the adjustable interaction parameter, £ = ln(\/ 2-1)/ V2 for the PR EoS,
and A", the excess Helmholtz free energy at the limit of infinite pressure, can be calculated

using the COSMO-SAG; activity coefficient model, and a;; and b;; are the EoS constants, defined
as

a, = 0.457235(RTC/PC )2 [l + F(l -7 ) , F=0.37464+1.542260—0.26992 0’ (23)
b; = 0’077796(RTC/PC) (24)

where T, is the reduced temperature, 7, is the critical temperature, P, is the critical pressure, and
wis the Pitzer’s acentric factor.

Equation 17 yields one or three real roots, depending on the number of phases in the system. It
was shown that this model provides an excellent representation of the vapor-liquid experimental
data [25]. For the prediction of the liquid density, the root of interest is the smallest positive one.
An equation of state does not necessarily yield the accurate volumetric behavior of fluids and
their mixtures. Therefore, a volume translation can be adopted in the equation of state, to improve
the volumetric behavior [26]. Translation along the volume axis affects only the saturated density
calculations, and leaves vapor pressure conditions unchanged [26]. This property may be
exploited to improve the volume estimations made by the Peng-Robinson equation of state. Then,
the correction value for each pure component (Av;) is given by the difference between the volume
calculated by the thermodynamic model and the experimental volume:

Av, =V -V (25)

i,exp i,cal
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where V; ., is the molar volume of the compound i calculated by the thermodynamic model, and
Viexp 18 the experimental molar volume of the compound i. Then, the volume of the mixture was
obtained using the correction of the volume applied by

V=V, +> Avx, (26)

where x; is the liquid molar fraction of the pure compound i, V., is the liquid molar volume of the
mixture calculated with the thermodynamic model, and V is the predicted corrected molar volume
of the mixture.

4. Parameter estimation

In this work, the first approximation parameter estimation was performed using a genetic
algorithm code, mMyGA [27] using a whole interval search. After that, the fitting parameters
were best tuned using a non-linear optimization algorithm based on the Marquardt algorithm. The
optimization used the minimization of the standard deviation between experimental and
calculated values, defined as:

1/2

N(\F. —F  F
o= Z( ex;_nzal)i (27)

i=1

where N is the number of experimental points, m is the number of parameters in the curve fit, and
Feq and F,,, are the property values calculated by the model and obtained experimentally,
respectively.

5. Results and discussion

The 2-HEAA ionic liquid is completely soluble in water, methanol and ethanol, and is not
soluble in some alkanes such as n-octane and n-dodecane. The moisture in the LIs was not
measured during the experiments of the properties, but comparisons were made of the measured
density with standard mixtures of 2-HEAA with H,O. The density shows low influence on the
humidity. Thus, it was observed that values of the measured density for pure 2-HEAA are
comparable with mixtures containing less than 1200 £ 130 ppm of H,O. The humidity was
determined using the DL.31 Karl Fischer titrator (Mettler Toledo).

5.1. Volumetric and compressibility properties

Density and speed of sound data for some temperatures are presented in Tables 2 to 4. The
complete data is presented in the supporting information. Table 5 contains the fitting parameters
for equation (1). Figures 2 and 3 show these properties as a function of composition and
temperature. These figures show a stronger inflection at dilute 2-HEA A-water mixtures, which is
a very different shape than for other hydroxylic mixtures. In all figures, the black points represent
the experimental data and the lines are the results for the fitted model.
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Table 2. Density (p), speed of sound (), isentropic compressibility (xs), isobaric expansibility
(), excess molar volume (V*), change of isentropic compressibility (Jxs), apparent molar volume
(¢y) and isentropic apparent molar compressibility (¢,) for binary mixtures water (1) + 2-HEAA
(2) over the range of temperature (288.15-323.15) K.

water (1) + 2-HEAA (2)

B B p/ u/ K/ VE/ oks/  ax10’/ @y / O/
! 2 (g-cm™) (m-s™) (TPa")  (cm’mol™)  (TPa™) (K" (gem?) ‘cm’mol” TPa™)
T=323.15K

1.0000  0.0000 0.988040 1542.13  425.58 0.0000 0.00  0.4706 - -
0.9490  0.0510 1.040148 1691.79  335.90 -0.3697 -82.88  0.4803 105.6 6596.1
0.8981  0.1019 1.068467 1751.19  305.19 -0.5548  -106.81 0.4899 110.5 15831.3
0.8037  0.1963 1.097974 1792.35  283.51 -0.7592  -11592 0.5012 115.1 23097.0
0.7106  0.2894 1.112140 1793.89  279.41 -0.8089  -107.61 0.5016 117.6 27046.2
0.6041  0.3959 1.121292 1778.92  281.82 -0.7894 -91.01 0.5022 119.3 30095.9
0.4984  0.5016 1.126361 1765.89  284.71 -0.7018 -74.04 05013 1204 32033.1
0.4179  0.5821 1.128951 1762.79  285.05 -0.6141 -62.97 04950 121.0 32871.9
0.3163  0.6837 1.130791 1753.26  287.69 -0.4516 -46.79 04881 121.5 33948.5
0.2237  0.7763 1.132672 1751.03  287.94 -0.3451 -3420 04808 1219 34478.2
0.1239  0.8761 1.133996 1740.16  291.21 -0.2018 -17.63 04799 1223 35304.5
0.0863  0.9137 1.134359 1741.50  290.67 -0.1415 -13.17 04843 1224 35369.7
0.0000  1.0000 1.135075 1735.99  292.34 0.0000 0.00  0.4955 - -

T=313.15K

1.0000  0.0000 0.992210 1529.34  430.91 0.0000 0.00  0.3846 - -

0.9490  0.0510 1.044653 1692.01 334.37 -0.3674 -89.05 0.4465 105.1 4196.9
0.8981  0.1019 1.073540 1759.23  300.98 -0.5600  -114.96 0.4632 110.0 13875.8
0.8037  0.1963 1.103422 1807.09  277.52 -0.7692  -124.54 0.4882 114.6 215513
0.7106  0.2894 1.117687 1811.06  272.78 -0.8199  -115.61 0.4935 117.1 25678.3
0.6041  0.3959 1.126901 1797.72  274.58 -0.8017 -98.15 04962 118.8 28800.7
0.4984  0.5016 1.131979 1785.34  277.15 -0.7142 -80.05 0.4948 1199 30787.9
0.4179  0.5821 1.134527 1782.34  277.46 -0.6239 -67.91 0.4897 120.5 31671.2
0.3163  0.6837 1.136367 1773.15  279.89 -0.4616 -50.55 04875 121.0 32765.0
0.2237  0.7763 1.138213 1771.26  280.03 -0.3522 -36.80 0.4849 1214 33312.1
0.1239  0.8761 1.139504 1760.85  283.03 -0.2058 -19.13 0.4854 1218 34130.0
0.0863  0.9137 1.139839 1762.29  282.49 -0.1429 -14.16  0.4888 1219 34203.6
0.0000  1.0000 1.140545 1757.17  283.96 0.0000 0.00  0.4973 - -

T=303.15K
1.0000  0.0000 0.995650 1509.48  440.80 0.0000 0.00  0.2986 - -
0.9490  0.0510 1.049299 1688.61 334.23 -0.3797 -98.14 04126 104.5 893.8

0.8981  0.1019 1.078395 1764.80  297.74 -0.5697  -126.24 0.4365 109.4 11513.1
0.8037  0.1963 1.108745 1820.63  272.10 -0.7821  -136.28 0.4751 114.1 19828.3
0.7106  0.2894 1.123167 1827.54  266.58 -0.8322  -126.43 0.4854 116.6 24225.8
0.6041  0.3959 1.132471 1816.05  267.74 -0.8126  -107.67 0.4903 118.3 27481.9
0.4984  0.5016 1.137555 1804.60  269.94 -0.7213 -88.02 04882 1194 29548.1
0.4179  0.5821 1.140067 1801.86  270.16 -0.6261 -74.50  0.4843 120.0 30488.9
0.3163  0.6837 1.141902 1793.18  272.35 -0.4600 -55.54  0.4869 120.6 31613.5
0.2237  0.7763 1.143669 1791.71 272.37 -0.3412 -40.23  0.4890 121.0 32189.6
0.1239  0.8761 1.145068 1781.98  275.02 -0.1997 -21.10 04908 121.3 32999.3
0.0863  0.9137 1.145431 1783.58  274.44 -0.1381 -15.47 04932 1214 33080.9
0.0000  1.0000 1.146216 1779.04  275.65 0.0000 0.00  0.4992 - -

7=293.15K
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1.0000  0.0000 0.998200 1482.53  455.80 0.0000 0.00  0.2126 - -
0.9490  0.0510 1.053411 1681.43  335.77 -0.3960  -110.39 0.3788 103.8 -3326.1
0.8981  0.1019 1.082965 1768.09  295.38 -0.5870  -141.19 0.4098 108.9 8642.8
0.8037  0.1963 1.113953 1833.14  267.14 -0.8045  -151.59 0.4620 113.7 17878.3
0.7106  0.2894 1.128588 1843.39  260.75 -0.8540  -14041 0.4774 116.2 22662.5
0.6041  0.3959 1.138005 1834.17  261.20 -0.8321  -119.84 0.4843 118.0 26114.5
0.4984  0.5016 1.143092 1823.86  262.99 -0.7352 -98.11  0.4817 119.1 28297.6
0.4179  0.5821 1.145540 1821.56  263.09 -0.6321 -82.81 04789 119.7 29312.4
0.3163  0.6837 1.147451 1813.61 264.96 -0.4659 -61.76  0.4863 120.3 30479.7
0.2237  0.7763 1.149335 1812.94  264.72 -0.3512 -44.52 04931 120.7 31080.3
0.1239  0.8761 1.150746 1804.56  266.86 -0.2068 -23.53 04963 121.0 31875.3
0.0863  0.9137 1.151087 1806.51 266.20 -0.1419 -17.09 04977 121.1 31963.9
0.0000  1.0000 1.151866 1803.21 267.00 0.0000 0.00  0.5010 - -

T=288.15K

1.0000  0.0000 0.999100 1466.40  465.46 0.0000 0.00  0.1696 - -

0.9490  0.0510 1.055262 1676.33  337.23 -0.4061  -117.87 0.3618 103.4 -5837.2
0.8981  0.1019 1.085138 1768.92  294.51 -0.5988  -150.25 0.3965 108.6 6977.8
0.8037  0.1963 1.116518 1838.97  264.84 -0.8196  -160.73 0.4555 1135 16803.6
0.7106  0.2894 1.131278 1851.11 257.97 -0.8685  -148.69 0.4733 116.1 21828.3
0.6041  0.3959 1.140754 1843.14  258.04 -0.8446  -126.96 0.4814 117.8 25407.4
0.4984  0.5016 1.145825 1833.58  259.59 -0.7431  -103.94 0.4784 118.9 27661.7
0.4179  0.5821 1.148341 1831.56  259.59 -0.6411 -87.59 04762 119.6 28718.1
0.3163  0.6837 1.150311 1824.35  261.20 -0.4759 -65.33  0.4860 120.1 29902.2
0.2237  0.7763 1.152168 182440  260.76 -0.3568 -46.95 04952 120.6 30513.3
0.1239  0.8761 1.153585 1817.14  262.53 -0.2102 -2490 0.4990 1209 31291.9
0.0863  0.9137 1.153920 181947  261.78 -0.1439 -18.01 0.4999 121.0 31378.9
0.0000  1.0000 1.154702 1817.23  262.25 0.0000 0.00  0.5020 - -

Table 3. Density (p), speed of sound (), isentropic compressibility (xs), isobaric expansibility
(), excess molar volume (V*), change of isentropic compressibility (Jxs), apparent molar volume
(¢y) and isentropic apparent molar compressibility (@) for binary mixtures methanol (1) + 2-
HEAA (2) over the range of temperature (288.15-323.15) K.

methanol (1) + 2-HEAA (2)

B B o/ u/ K/ vE/ oks/  ax10’/ ¢y ! B,/
! 2 (gem®  (ms")  (TPa') (cm’mol™) (TPa')  (K') (gem®) (cm’mol” TPa™)
T=323.15K

1.0000 0.0000 0.762809 1021.99 1255.14 0.0000 0.00 1.2467 - -
0.9508 0.0492 0.819344 1107.05 995.86 -0.7322 -211.90 1.1022 102.8 -93553.6
0.9049 0.0951 0.862394 1172.35 843.68 -1.1792 -319.86 0.9858 112.7 -50366.0
0.8013 0.1987 0.932105 1292.08 642.62 -1.4950 -421.18 0.8221 128.0 -2616.5
0.7100 0.2900 0.977831 1382.74 534.88 -1.5808 -441.03 0.7303 136.2 15066.7
0.6214 0.3786 1.011420 145593 466.43 -1.4769 -424.21 0.6688 1419 25149.4
0.5175 0.4825 1.043940 1533.18 407.51 -1.3597 -383.12 0.6204 146.7 31858.8
0.3993 0.6007 1.072543 1603.68 362.53 -1.1052 -314.20 0.5633 150.7 36926.1
0.3289 0.6711 1.087182 1641.12 341.52 -0.9666 -267.46 0.5345 152.7 38941.3
0.2203 0.7797 1.106186 1661.68 32740 -0.6989 -177.01 0.5224 155.1 43193.8
0.1703 0.8297 1.114370 1714.67 305.22 -0.6116 -151.08 0.4993 156.1 42032.5
0.0672 0.9328 1.128103 1712.30 302.34 -0.2982 -54.66 0.4945 157.8 45767.1
0.0000 1.0000 1.135075 1735.99 292.34  0.0000 0.00 0.4704 - -

T=313.15K
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1.0000 0.0000 0.772458 1053.97 1165.38  0.0000 0.00 1.2358 - -
0.9508 0.0492 0.828348 1137.85 93243 -0.6914 -189.58 1.0779 102.7 -78323.9
0.9049 0.0951 0.870876 1202.11 794.61 -1.1133 -286.92 0.9662 112.2 -40585.8
0.8013 0.1987 0.939757 1320.02 610.69 -1.4075 -379.53 0.8090 127.0 1327.4
0.7100 0.2900 0.984961 1409.34 511.15 -1.4883 -398.60 0.7200 134.9 16857.5
0.6214 0.3786 1.018167 1481.29 447.61 -1.3880 -384.09 0.6597 1404 25759.2
0.5175 0.4825 1.050423 155749 39245 -1.2848 -347.69 0.6087 145.0 31629.3
0.3993 0.6007 1.078571 1627.38 350.08 -1.0341 -285.79 0.5560 149.0 36063.5
0.3289 0.6711 1.093067 1664.30 330.29 -0.9053 -243.55 0.5328 1509 37829.3
0.2203 0.7797 1.112052 1683.43 317.31 -0.6683 -160.80 0.5223 153.2 417214
0.1703 0.8297 1.119912 1736.74 296.04 -0.5681 -138.03 0.5004 154.2 40536.5
0.0672 0.9328 1.133642 1733.82 29344 -0.2843 -49.72 0.4975 1559 43962.7
0.0000 1.0000 1.140545 1757.17 283.96  0.0000 0.00 0.4891 - -
T=303.15K
1.0000 0.0000 0.781983 1086.46 1083.37  0.0000 0.00 1.2248 - -
0.9508 0.0492 0.837209 1168.82 874.32 -0.6506 -169.30 1.0535 102.7 -64822.6
0.9049 0.0951 0.879233 1232.00 749.33 -1.0483 -257.20 0.9466 111.8 -32021.5
0.8013 0.1987 0.947318 1348.07 580.87 -1.3207 -341.98 0.7959 126.1 4701.8
0.7100 0.2900 0.992018 143598 488.86 -1.3952 -360.25 0.7097 133.7 18337.2
0.6214 0.3786 1.024855 1506.71 429.81 -1.2966 -347.78 0.6506 139.0 26188.7
0.5175 0.4825 1.056745 1581.73 378.24 -1.1971 -31545 0.5971 1435 31333.1
0.3993 0.6007 1.084544 1651.03 338.25 -0.9536 -259.88 0.5487 147.3 35198.2
0.3289 0.6711 1.098865 1687.70 319.50 -0.8298 -221.79 0.5312 149.1 36727.2
0.2203 0.7797 1.117835 1705.67 307.49 -0.6196 -146.08 0.5223 1514 40280.6
0.1703 0.8297 1.125586 1759.39 287.01 -0.5231 -126.20 0.5016 152.3 39070.0
0.0672 0.9328 1.139378 1756.27 284.54 -0.2715 -4535 0.5006 154.0 421974
0.0000 1.0000 1.146216 1779.04 275.65  0.0000 0.00 0.5078 - -
T7=293.15K
1.0000 0.0000 0.791418 1119.49 1008.22  0.0000 0.00 1.2139 - -
0.9508 0.0492 0.845970 1199.77 821.20 -0.6112 -150.54 1.0291 102.6 -52607.7
0.9049 0.0951 0.887505 1262.08 707.38 -0.9865 -230.32 0.9270 1114 -24534.7
0.8013 0.1987 0.954823 1376.31 55290 -1.2390 -308.02 0.7829 125.1 7572.5
0.7100 0.2900 0.999035 1462.77 467.81 -1.3079 -325.44 0.6994 1325 19536.7
0.6214 0.3786 1.031502 1532.41 412.84 -1.2103 -314.77 0.6415 137.6 26444.7
0.5175 0.4825 1.063019 1606.20 364.64 -1.1132 -28598 0.5854 1420 30954.7
0.3993 0.6007 1.090449 1675.24 326.77 -0.8744 -236.16 0.5414 145.7 34296.7
0.3289 0.6711 1.104702 1712.12 308.81 -0.7628 -201.96 0.5295 1474 35587.5
0.2203 0.7797 1.123695 1728.63 297.82 -0.5813 -132.45 0.5222  149.7 38854.1
0.1703 0.8297 1.131238 1784.03 277.74 -0.4801 -115.48 0.5028 150.6 37571.2
0.0672 0.9328 1.145100 1781.08 275.29 -0.2602 -41.49 0.5036 152.2 40411.7
0.0000 1.0000 1.151866 1803.21 267.00  0.0000 0.00 0.5265 - -
T=288.15K
1.0000 0.0000 0.796694 1136.34 972.06  0.0000 0.00 1.2084 - -
0.9508 0.0492 0.850323 1214.76 796.96 -0.5640 -140.17 1.0170 103.0 -45383.0
0.9049 0.0951 0.891619 1276.77 688.01 -0.9300 -216.52 09172 111.3 -20510.5
0.8013 0.1987 0.958564 1390.34 539.68 -1.1762 -291.32 0.7763 124.7 9002.7
0.7100 0.2900 1.002523 1476.08 457.81 -1.2442 -308.39 0.6943 131.8 20118.4
0.6214 0.3786 1.034793 1545.44 404.62 -1.1487 -298.73 0.6370 136.9 26532.0
0.5175 0.4825 1.066135 1618.37 358.12 -1.0561 -271.49 0.5796 141.1 30752.9
0.3993 0.6007 1.093447 1688.04 320.95 -0.8274 -224.69 0.5378 144.8 33790.9
0.3289 0.6711 1.107676 1725.14 303.35 -0.7245 -192.34 0.5287 146.5 34965.1
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0.2203 0.7797 1.126677 1740.76 29290 -0.5600 -125.69 0.5222  148.7 38103.9
0.1703 0.8297 1.134061 1797.77 272.83 -0.4533 -11030 0.5033 149.6 36758.2
0.0672 0.9328 1.147970 1795.27 270.28 -0.2526 -39.64 0.5051 151.2 39445.2
0.0000 1.0000 1.154702 1817.23 262.25  0.0000 0.00 0.5359 - -

Table 4. Density (p), speed of sound (u), isentropic compressibility (xs), isobaric expansibility
(), excess molar volume (V*), change of isentropic compressibility (Jxs), apparent molar volume
(¢y) and isentropic apparent molar compressibility (¢,) for binary mixtures ethanol (1) + 2-
HEAA (2) over the range of temperature (288.15-323.15) K.

ethanol (1) + 2-HEAA (2)

B B p/ u/ K/ VE/ oxs/ ax10°/ @,/ B |
! 2 (gem®  (ms')  (TPa') (cm’mol’)  (TPa™) (K"  (gem™) (cm’mol” TPa™
T=323.15K

1.0000  0.0000 0.763296 1059.58 1166.92  0.0000 0.00 1.1736 - -

0.9503  0.0497 0.800468 1104.68 1023.72  -0.4468 -99.73  1.0890 105.1 -50018.0
0.8990  0.1010 0.834368 1146.05 912.50 -0.7379  -166.09 1.0031 112.9 -22006.7
0.7990  0.2010 0.890443 1220.99 75330 -0.9921 -237.81 0.8772 1244 8689.9
0.6991  0.3009 0.938735 1310.52 620.25  -1.1682  -283.47 0.7446 1325 19860.9
0.5943  0.4057 0.981801 1373.74 539.72  -1.2227 -272.35 0.7062 139.0 31929.1
0.5054 04946 1.013188 1436.95 478.00 -1.1724  -256.32 0.6563  143.5 36585.0
0.3970  0.6030 1.046544 1512.70 417.58  -1.0423  -222.00 0.6208 147.9 40057.2
0.3235  0.6765 1.066976 1559.36 385.44  -0.9493  -189.83 0.5777 150.5 41867.1
0.2082  0.7918 1.095472 1618.89 34831  -0.7563 -126.15 0.5305 153.9 44545.9
0.1175  0.8825 1.115061 1667.21 322.64  -0.5472  -72.47 0.5152 156.2 45740.0
0.0461  0.9539 1.128270 1706.71 304.28  -0.2863 -2839 04816 157.8 46298.7
0.0000  1.0000 1.135075 1735.99 292.34 0.0000 0.00 0.4706 - -

T=313.15K

1.0000  0.0000 0.772204 1092.85 1084.29  0.0000 0.00 1.1428 - -

0.9503  0.0497 0.809131 1137.22 955.64  -0.4258 -88.89  1.0595 104.8 -39947.6
0.8990  0.1010 0.842694 1177.60 855.73  -0.6956  -147.75 09787 112.4 -15023.9
0.7990  0.2010 0.898225 125096 711.42  -0.9280 -211.99 0.8602 123.6 11919.6
0.6991  0.3009 0.946069 1338.66 589.84  -1.0945 -253.60 0.7746 131.4 21573.7
0.5943  0.4057 0.988723 1400.95 51532  -1.1470 -24425 0.6976  137.7 32147.2
0.5054  0.4946 1.019833 1463.15 458.03  -1.1024  -230.39 0.6491 142.1 36168.3
0.3970  0.6030 1.052873 1537.67 401.70  -0.9818 -200.03 0.6109 146.4 39139.9
0.3235 0.6765 1.073170 1583.47 371.63  -0.9017 -171.24 0.5720 148.9 40694.5
0.2082  0.7918 1.101310 1642.51 336.57 -0.7166  -114.05 0.5347 1522 42993.0
0.1175  0.8825 1.120845 1690.20 31230  -0.5335 -65.71  0.5183 1544 43993.6
0.0461  0.9539 1.133958 1729.87 29470  -0.2891 -26.17 04985 1559 44407.1
0.0000  1.0000 1.140545 1757.17 283.96 0.0000 0.00 0.4892 - -

T=303.15K

1.0000  0.0000 0.780944 1126.50 1009.06  0.0000 0.00 1.1120 - -

0.9503  0.0497 0.817614 116998 893.50  -0.4038 -79.12 1.0299  104.5 -31146.1
0.8990  0.1010 0.850864 1209.48 803.42  -0.6536  -131.58 0.9543 112.0 -9175.8
0.7990  0.2010 0.905897 1281.19 672.50  -0.8655 -189.13 0.8433  122.8 145354
0.6991  0.3009 0.953327 1367.04 56130  -1.0221 -227.05 0.8046 130.3 22892.0
0.5943  0.4057 0.995593 1428.42 492.27  -1.0711 -219.22 0.6890 136.5 32162.4
0.5054  0.4946 1.026430 1489.56 439.09  -1.0294 -207.20 0.6419 140.7 35643.3
0.3970  0.6030 1.059371 1562.83 386.48  -0.9320 -180.36 0.6009 144.9 38174.9
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0.3235  0.6765 1.079281 1607.96 35836  -0.8412 -154.55 0.5663 147.3 39509.5
0.2082  0.7918 1.107257 1666.99 325.00 -0.6760  -103.37 0.5389  150.5 41440.7
0.1175  0.8825 1.126691 1714.49 301.94  -0.5112  -59.90 0.5215 152.7 42257.2
0.0461  0.9539 1.139621 1755.41 284.76  -0.2727 2471 0.5155 1542 42499.5
0.0000  1.0000 1.146216 1779.04 275.65 0.0000 0.00 0.5078 - -
T=293.15K

1.0000  0.0000 0.789553 1160.63 940.22 0.0000 0.00 1.0812 - -

0.9503  0.0497 0.825955 1203.03 836.55  -0.3818 -70.22  1.0004 104.2 -23390.2
0.8990  0.1010 0.858918 1241.51 75535 -0.6142 -116.89 0.9300 111.5 -4077.7
0.7990  0.2010 0.913490 1311.66 636.29  -0.8086 -168.61 0.8263 122.0 16675.6
0.6991  0.3009 0.960535 1395.69 534.45  -0.9569 -203.18 0.8347 129.3 23892.6
0.5943  0.4057 1.002435 1456.17 470.46  -1.0032 -196.62 0.6804 135.3 32018.8
0.5054  0.4946 1.033003 151631 421.04 -0.9637 -186.18 0.6347 1394 35025.5
0.3970  0.6030 1.065672 1588.44 37191  -0.8738 -162.39 0.5910 1435 37178.7
0.3235  0.6765 1.085334 1633.15 345.45  -0.7829  -139.34 0.5606  145.8 38300.1
0.2082  0.7918 1.113260 1693.35 313.26  -0.6455 -93.92  0.5430 149.0 39840.2
0.1175  0.8825 1.132524 1741.70 291.08  -0.4916  -55.04 0.5246 151.1 40456.0
0.0461  0.9539 1.145666 1786.64 273.44  -0.2934  -24.60 0.5324 1525 40416.5
0.0000  1.0000 1.151866 1803.21 267.00 0.0000 0.00 0.5264 - -

T=288.15K

1.0000  0.0000 0.793828 1177.84 908.03 0.0000 0.00 1.0658 - -

0.9503  0.0497 0.830092 1219.72 809.75  -0.3709 -66.19  0.9856 104.1 -20009.2
0.8990  0.1010 0.862917 1257.67 732.65  -0.5951 -110.17 09178 111.2 -1863.3
0.7990  0.2010 0.917271 1327.03 619.07 -0.7816  -159.15 0.8178 121.6 17566.8
0.6991  0.3009 0.964134 1410.01 521.70  -0.9263 -192.00 0.8497 128.8 24302.4
0.5943  0.4057 1.005849 1470.21 45995  -0.9707 -186.07 0.6761 134.7 31885.7
0.5054  0.4946 1.036288 152990 412.28  -0.9325 -176.32 0.6311 138.7 34676.3
0.3970  0.6030 1.068792 1601.60 364.75  -0.8435 -153.90 0.5860 142.8 36653.9
0.3235  0.6765 1.088470 1646.28 33898  -0.7636  -132.18 0.5578 145.1 37663.4
0.2082  0.7918 1.116268 1707.89 307.12  -0.6309 -89.60  0.5451 148.2 38989.2
0.1175  0.8825 1.135661 1756.70 285.34  -0.5007 -52.80  0.5261 150.3 39513.4
0.0461  0.9539 1.148757 1806.70 266.69  -0.3089 -25.34  0.5409 151.7 39220.7
0.0000  1.0000 1.154702 1817.23 262.25 0.0000 0.00 0.5357 - -
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Table 5. Fitting parameters and root mean square deviations for density and speed of sound of
binary systems by equation (1).

water + 2-HEAA

methanol + 2-HEAA

ethanol + 2-HEAA

plgem™)  w/(ms')  pAgem®)  w(ms')  pAgem®)  wAms)
Boo 1.3464 4184.9 1.3374 4202.8 1.3469 4401.7
By -7.4641x10™*  -13272 -6.9222x10*  -13.386 -7.5335x10™ -14.628
By, 2.8436x107 0.0176  2.0078x107’ 0.0178 2.9807x107’ 0.0197
Bio -0.16937  -14842.2 0.44286  -15717.0 1.6770 9467.1
By, 3.3045x10™ 94.608 -3.6008x10°  97.2439 -1.1627x10> -61.744
B, -3.5697x10°  -0.1489  5.8162x10°  -0.1516 1.8616x10° 0.0945
Bao 3.1374  50367.1 -5.0092 923253 -16.658  -170181.2
B,y -1.3470x107  -342.90  3.2596x1072 -574.7251 0.10595 1068.8
By, 1.8222x107 0.5594 -5.2185x107 0.8881 -1.7109x10™ -1.6712
B1o -15.091  -45612.2 13.446 -307867.8 46.929  663468.4
By 7.3916x107 441.16  -9.0051x10% 1917.4627 -0.30127 41634
By, -1.0880x10™*  -0.8207  1.4177x10* 29713  4.8542x10™ 6.5155
Bao 24.178 -109368.9 -15.119  530651.3 -52.692 -1138623.4
Bu; -0.12308  307.3537 0.10280  -3325.9 0.33875 7131.8
By  1.8480x10*  -0.1673  -1.6075x10™ 5.1689 -5.4580x10*  -11.1661
Bso -12.676  241274.9 5.9765 -445788.7 20384  910959.9
Bs; 6.5159x10%  -1093.8 -4.2031x10™ 2810.9 -0.13154 -5694.6
Bs, -9.8456x107 1.3701  6.5179x107 43805 2.1192x10™ 8.9181
Beo -128408.6 144487.7 277167.1
B 630.41 916.24 1729.3
Be> -0.8453 1.4309 -2.7087
c 1.8x107 3.9 7.0x10™* 8.5 4.4x10™ 1.45

p: density, u: velocity of sound, B;j: the fitting parameters of equation (1), o: standard deviation

between experimental and calculated values
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Figure 2. Density versus mole fraction and temperature, (a) water + 2-HEAA, (b) methanol + 2-
HEAA, (c) ethanol + 2-HEAA.
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Figure 3. Speed of sound versus mole fraction and temperature, (a) water + 2-HEAA, (b)
methanol + 2-HEAA, (c) ethanol + 2-HEAA.
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In Figure 4, the isentropic compressibilities are plotted versus the molality and temperature for
the three binary mixtures. These figures show the solutions in ethanol as more compressible than
the others at a particular concentration and temperature. This shows that there exists a different
solvation process in ethanol, due to ethanol exhibiting a weak ion (+) solvent interaction from its
poor hydrogen bonding capability (hydrophilic —-OH groups) and steric structure (hydrophobic —
CH,-CH3; groups). On the other hand, water exhibits stronger ion (+) solvent interactions because
it has stronger hydrogen bonds and a higher dipole interaction value than both alcohols. In
addition, the different interaction between water + 2-HEAA can be explained for a different
packing shape, as was shown in Figures 4 and 5(a). In these figures, dilute mixtures of ionic
liquid show different packing. This type of behavior, as suggested by different authors [28], holds
over this very narrow interval of concentration where the compressibility isotherms cross one
another in the formation of a clathrate-like structure. This behavior has a defined stoichiometry
corresponding to the concentration at which the crossing occurs. The structure is independent of
temperature and is created at a 0.95 water molar fraction.
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Figure 4. Isentropic compressibility versus molality of 2-HEAA and temperature in mixtures
solvent + 2-HEAA. a) water + 2-HEAA, b) methanol + 2-HEAA, c) ethanol + 2-HEAA. For the
inside figure in (a): (m) 288.15 K, (0) 323.15 K.

Figure 4 shows a different behavior for the aqueous mixture and this can be explained by the
presence of aggregation species of the ionic liquid. In this figure, the increase of the
concentration of 2-HEAA at each isotherm induces the decrease of kg due to the solvation of ions
and breaking the net structure of the solvent. Also, the decrease of xs up to a critical
concentration (< 5 m) shows the structure of the solvent as the dominant contributor for the
behavior mixture. After this point, the stabilized value of the compressibility reflects a new
structure formed, the attraction between the ionic pair of 2-HEAA.

The excess molar volumes and changes of isentropic compressibility are shown in Figures 5 and
6, respectively, and the complete data is presented in the supporting information. Table 6 contains
the fitting parameters for these properties. One can note that the values of V are negative for all
measured temperatures over the whole composition range. The negative values of the excess
molar volumes V%, contributing to a contraction in volume, are dominant. Therefore, these binary
mixtures with 2-HEAA could be classified as “contractive” mixtures. Also, these figures show
that the introduction of alcohols in the ionic liquid structure results in a considerable decrease in
the excess molar properties to more negative values, showing the polar effect of the molecules. In
other cases, the introduction of water results in a weak decrease of the excess molar properties.
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Figure 5. Excess molar volume versus mole fraction and temperature, (a) water + 2-HEAA, (b)
methanol + 2-HEAA, (c) ethanol + 2-HEAA.
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Figure 6. Changes in isentropic compressibility versus mole fraction and temperature, (a) water +
2-HEAA, (b) methanol + 2-HEAA, (c) ethanol + 2-HEAA.
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Table 6. Fitting parameters and root mean square deviations for excess molar volume and

changes of isentropic compressibility of binary systems by equation (4).

water + 2-HEAA

methanol + 2-HEAA

ethanol + 2-HEAA

VE/(cm® mol™) dcg/(m s VE/(cm® mol ™) dcg/(m s VE/(cm® mol ™) dcg/(ms™)
Coo 9.4625 -4963.8 14.205 -2098.6 47857 -2035.9
Co 3.9516x107 26.864  -8.8707x107 17.997 3.0934x107 16.966
Copn  -6.0256x10° -3.8535x107 8.5749x10° -5.0004x102%  -9.6540x10° -4.2847x107
Cio 27.589 -7330.6 3.9113 24452 -78.328 -2600.9
Ci 0.15444 41399  -3.4848x10> 20.028 0.50680 19.501
Cp,  -2.3356x10"  -6.1138x107 4.2250x10°  -4.8874x10%  -8.3084x10™* -4.0261x107
Co 34.115 -1250.4 -46.793 -4009.2 -86.419 -503.32
Cs 0.21804 5.8319 0.30739 28.096 0.56556 5.2340
Cyn  -3.5782x10"  -8.0912x10°  -5.1838x10* -5.4185x102  -9.2255x107* -1.2964x10>
Cso 100.06 5647.2 -19.114 -6449.9 131.66 -4501.5
Ci -0.63409 -35.009 0.12965 41.992 -0.84825 29.580
Cs, 1.0118x10°  5.4289x10%  -2.7718x10™* -7.1066x107 1.3725x10°  -5.0329x107
Cao -16.248 -16931.0 76.608 4237.5 69.891 -4078.5
Cu 8.8638x107 97.086 -0.51030 20.527 -0.48202 26.334
Cp  -1.3697x10™ -0.14418 7.8617x10%  1.2827x107 7.6434x10%  -4.5624x107
Cso -127.53 -28002.0 78.161 6595.0 84.238 10681.0
Cs; 0.79312 164.29 -0.50560 -35.982 -0.53472 -66.728
Cs,  -1.2521x10° -0.24786 8.5285x10™*  3.8388x107 8.4280x10™ 0.10238
o 8.2x10~ 2.0 3.9x107 3.0 1.5x107 0.8

of equation (4), o: standard deviation between experimental and calculated values

VE: excess molar volumes, ds: changes of isentropic compressibility, Cjj: the fitting parameters

The apparent molar volume and isentropic apparent molar compressibility data is given in Tables
2 to 4. Table 7 contains the fitting parameters for these properties. Figure 7 shows that the
apparent molar volume, ¢y, increases rapidly at low concentration range (below 20 mol/kg),
while at higher concentrations it is almost constant (all three mixtures showed the same trend).
Figure 8 shows that the apparent molar isentropic compressibility, ¢, have the same trend for

the three studied mixtures . The values increase
mol/kg), while in the high concentration range it is almost constant. Also, in both figures, the
properties increase with temperature at all concentrations.
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Table 7. Fitting parameters and root mean square deviations for apparent molar volume and
apparent molar isentropic compressibility of binary systems by equation (7).

water + 2-HEAA

methanol + 2-HEAA

ethanol + 2-HEAA

oy Drs oy Drs Py e

(g cm™) (cm’mol'Pa) (g cm™) (cm’mol'TPa") (g cm™) (cm’mol ' TPa™)
Ao 0.5000 -0.3646 0.5000 0.4317 0.5000 -0.4112
Ay 0.5156 -0.4451 0.5447 0.3022 0.4876 -46.3230
A, 0.5204 -0.3072 0.5167 0.5431 0.4990 -0.4835
Az -0.0669 -0.5099 -0.4444
doo.  1518.8823  854848.0537 367.6583 -89102.7339  -5420.501 -21933599.278
Do 1.3230 -4776.2086 4.8507 120.6279  417.8004 77891.6765
Doz 0.0053 -3.6090 0.0124 1.0882 -0.0584 149.9512
Oron -5352.721 20190282191 209.8587 114779.5780 -243.2035 -3106906.2111
o -7.1726 3008.0711 1.7437 -221.6724 40.2388 44443224
O -0.0174 -9.9991 0.0060 -1.1218 -0.0029 52.1173
O 3862.0575 -183089.8343 -581.346 19713.4049 5684.8633 -79177468.965
0o 5.7782 -2782.2268  -6.4314 -11.9528 -458.0162 64054.8273
0" 0.0123 13.0427  -0.0184 -0.3036 0.0614 1754.9602
Mo -66520.5599 7992880.2045 60457283.1874
O3 601.4567 5961.2746 -161089.4619
b3 -1.2153 -184.0703 -713.6817
o’ 51.6883 -3232966.510 131.7442  -8127728.480 63.7519 40340860.2458
o 0.1442 7293.9306  -0.3523 -4155.3416 0.0697 21910.4892
O -0.0002 -2.8359 0.0002 178.7909 -0.0003 -1197.4583

o 0.3 116.5 0.5 1068.8 0.6 407.2

@y: apparent molar volume, @, isentropic apparent molar compressibility, Ay, Aj, Az, As, q)ijF,

¢F°°, ¢F°1, q)pozz the fitting parameters of equation (7), o: standard deviation between experimental
and calculated values

oy / cm”>mol”
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Figure 7. Apparent molar volume versus molality and temperature, (a) water + 2-HEAA, (b)
methanol + 2-HEAA, (c) ethanol + 2-HEAA.
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Figure 8. Isentropic compressibility versus molality and temperature, (a) water + 2-HEAA, (b)
methanol + 2-HEAA, (c) ethanol + 2-HEAA.
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The values for apparent molar volumes at infinite dilution ¢’y were obtained by extrapolation at
infinite dilution (m — 0), based on the extended Redlich-Mayer relation, Equation (7). The
values of (i)o v for several temperatures are shown in Figure 9. This figure shows that the apparent
molar volume at infinite dilution for aqueous mixture is greater than in other alcoholic mixtures.
This is a different behavior from classic ionic liquids [29,30].
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Figure 9. Apparent molar volume at infinite dilution versus temperature. Binary system with
water (0), methanol (CJ) and ethanol (A).

The values for the thermal expansion coefficient are shown in Tables 2 to 4 and the behavior is
shown in Figure 10. The value deduced for ap is particularly sensitive to the type of
mathematical function used to fit the density data. The fit can be done with a linear function;
however, subtle effects stem from the non-linear behavior of most fluids, and therefore a piece of
information may be lost. In these figures, the ionic liquid shows a decrease of thermal expansion
coefficient with the rise of temperature, a different behavior for hydroxylic solvents. This
interesting behavior has been reported previously for lubricants [31]. This behavior shows a very
polar attraction among the high ordering molecules of the ionic liquid.
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Figure 10. Thermal expansion coefficient versus mole fraction of the solvent and temperature, (a)
water + 2-HEAA, (b) methanol + 2-HEAA, (c¢) ethanol + 2-HEAA.

5.2. The molecular radii and the intermolecular free length

In order to gain a greater understanding of the 2-HEAA structure, a comparative study of the
packing for several compounds was made. The adiabatic compressibility against the free length
for normal fluids shows a linear trend and different kinds of liquids are out of this trend [18].
Values for these properties are presented in Table S4 in the supporting information. Figure 11
shows the linear tendency for normal fluids, associate fluids (carboxylic acid) with a slope fall to
the left of the line corresponding to normal liquids, and aggregates fluids (such as ionic liquids),
with a slope fall to the right of the line. This figure shows that n-methyl-2-
hydroxyethylammonium formiate (m-2-HEAF, m) is an ionic liquid without aggregation [10]
while 1-hexyl-3-methylimidazolium bromide ([Cemim][Br], A), 1-methyl-3-octylimidazolium
tetrafluoroborate ([moim][BF4], ¢), 1-butyl-3-metylimidazolium tetrafluoroborate [bmim][BF,],
x, and n-methyl-2-hydroxyethylammonium pentanoate (m-2-HEAP, o), [32, 33, 34] are self
aggregate ionic liquids. The 2-HEAA (#) seems to be in the set of aggregate fluids.

133



1800

1600

1400

1200

1000

800

600

Ks / cm>TPa 'mol ™!

400

200

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

L/ A
Figure 11. Isentropic compressibility as function of intermolecular free length in normal fluids
(®), carboxylic acids (0) and ILs. 2-HEAA, ¢; m-2-HEAF, m; m-2-HEAP, 0; [cemim][Br], A;
[cioim][BF4], O; [csmim][BF,], x. The line shows the tendency of normal compounds.

The linear extrapolation of the curves in Figure 4 allows for the break point for the isentropic
compressibility at each temperature to be obtained. For instance, in Figure 12 these are
represented by the curves of the aqueous dilution of 2-HEAA corresponding to 288.15 and
323.15 K. The break point for the isentropic compressibilities occurs at the critical molalities of
~ 4.5 and = 4.9 at 288.15 K and 323.15 K respectively. The break point represents the critical
point where the ionic liquid forms an ionic pair in this mixture. The presence of the ionic pair
coupling is also supported by the low angle X-ray scattering measurements (Figure 13). Mixtures
with concentrations lower than the critical concentration in Figure 12 do not show peaks in
Figure 13; otherwise, mixtures with concentrations higher than this limit show a peak in Figure
13 corresponding to aggregates with sizes between 3.4 and 4.0 A. This size is similar to the
molecular diameter of 2-HEAA, showing that the cation and the anion (the ionic pair) is near
each other . The ionic pair decoupling at dilute concentrations can be explained by the easy
biodegradation [13] of these kind of ionic liquids.
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point is indicated.
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Figure 13. Low angle x-ray scattering measurements for a mixture of water + 2-HEAA with a
molalities of 36 m and 3.5 m.

5.3. NMR studies

In mixtures with molar fractions of water greater than 60%, the increase of temperature presents
low values for both excess volume and changes of isentropic compressibilities. This behavior
could be explained by an initial chemical absorption of water taking place in 2-HEAA at low
temperatures, but, as the sites become saturated, a physical solvation becomes dominant. For a
deeper understanding of these interactions, NMR spectroscopy measurements of 2-HEAA in the
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pure state and in mixtures with a solvent that contains a hydroxylic group were made. In
particular, the following mixtures were prepared at the minimum excess volume; 2-HEAA:H,0
molar ratio 30:70, 2-HEAA:MeOH molar ratio 30:70and 2-HEAA:EtOH molar ratio 40:60. The
'H-NMR and *C-NMR spectra of the four NMR samples can be seen in Figures S1 and S2 in the
supporting information, and the chemical shifts are given in Table 8.

Table 8
'H-NMR and "*C-NMR chemical shifts (ppm) of pure 2-HEAA and binary mixtures. The atom
labeling scheme of Figure 1 was used for 2-HEAA.

atom label pure 2-HEAA 2-HEAA:water 2-HEAA:methanol 2-HEAA:ethanol

30:70 30:70 40:60
'H-NMR chemical shifts / (ppm)
2 1.5 1.5 1.8 1.7
5 7.4 5.8 6.8 7.1
6 2.7 2.6 2.9 2.8
7 3.4 3.3 3.6 3.6
8 3.5 3.5 3.5 3.5
C-NMR chemical shifts / (ppm)
1 180.9 180.5 181.1 180.7
2 25.9 24.4 25.6 25.8
6 43.8 42.4 44.1 44.0
7 60.3 58.8 60.5 60.4

In Table 8, the comparison between the 'H-NMR and '*C-NMR chemical shifts of the pure 2-
HEAA and its mixtures with H,O, MeOH and EtOH reveals that most of the 'H and ®C-NMR
signals had chemical shifts very comparable with these four samples, with the only exception
being the proton signals of the NH;" group (labeled as 5 in Fig. 1). The proton chemical shift
attributed to the NH3" group in pure 2-HEAA and in the mixture 2-HEAA + H,O are 7.4 and 5.8
ppm, respectively. Such a remarkable difference reveals the fast proton chemical exchange
equilibrium occurring in the mixture 2-HEAA + H,O among the labile protons of the NH;" group
and H,O, which causes the single signal finally observed in the 'H spectrum at the average
chemical shift of the two type of protons, though weighted by their respective molar fraction. An
additional mechanism that could contribute to this aforementioned exchange is the possible
Brgnsted acid/base proton exchange of the carboxylate group and/or hydroxilic groups of 2-
HEAA with the H,O protons. Similarly, chemical exchange of the labile protons explains the
difference of chemical shift of the signal attributed by the NH;* group in the 2-HEAA + MeOH
and 2-HEAA + EtOH mixtures with respect to the pure 2-HEAA.

The integration of the 'H-NMR signals is also consistent with the existence of fast exchange
equilibrium in the mixtures of 2-HEAA with any of the protic solvents studied. If one considers
the "H-NMR spectrum of pure 2-HEAA, when the integral area of the non-exchangeable protons
of the methylene group 7 (see Fig. 1) is normalized to 2, the relative integral area of the NH;"
group (labeled as 5 in Fig. 1) is 3.3. The value of 3.3 is slightly over the expected number of three
protons of the NH;3" group; the excess of 0.3 in the integral imply that there are contributions of
other hydrogen atoms in this signal. The most likely explanation is that the sample has captured a
small amount of water from the ambient due to its inherent hygroscopicity. Based on this
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assumption, it was not unexpected that, in the hydroxylic mixtures, the same analysis results in a
much higher relative integral of the NH3" group of 6.9, 5.8 and 5.0 for the 2-HEAA + H,0, 2-
HEAA + MeOH and 2-HEAA + EtOH mixtures, respectively. Clearly, the value of the integral
reveals the chemical exchange contribution of a larger amount of protic solvent to the NH;"
integral signal.

These NMR results prove the existence of a relatively fast chemical exchange equilibrium of the
labile protons in the 2-HEAA/hydroxylic solvent mixtures. The existence of such equilibrium
requires that the two components of the mixture are in very close proximity. The spatial
arrangement of the two components is likely stabilized by the formation of hydrogen bonds. The
aqueous 2-HEAA shows a greater interaction in the NH3*, CH;- and -CH,- groups than the
alcohols, which could probably reflect the transient formation of a complex with a relative long
half life between 2-HEAA and one or more molecules of H,O. In such a complex, the properties
of the water molecules structured around the 2-HEAA are different from the remaining bulk
aqueous solvent molecules. In order to obtain more detailed information of the solution structure
and dynamics of the complexes, specific NMR experiments are being conducted; however, such
study is beyond the scope of the present work.

The previous results show that the solubility of hydroxylic solvents in 2-HEAA depends
primarily on the strength of the interaction of the hydroxylic solvent with the cation.
Furthermore, the ionic liquid hydrogen bond donor behavior was dominated by the hydrogen
bond basicity of the hydroxylic solvent, with a low contribution from the hydrogen bond basicity
of the cation. Due this behavior, 2-HEAA is completely miscible in hydroxylic solvents at low
pressures, and can be used as a potential solvent or additive for green processes.

5.4. Density predictions

Figure 14 compares the o-profile for 2-HEAA, water, methanol, and ethanol compounds. The c-
profile of these compounds can be qualitatively divided in three main regions, which are
separated in Figure 14 by two vertical lines located at the cutoff values for the hydrogen bond
donor (oyp < -0.0084 e//okz) and acceptor (ogg > 0.0084 e//okz) group(22]. For 2-HEAA, the -
profile reveals to be as broad as the o-profiles of the hydroxylic solvents. Also, the o-profile of
this ionic liquid is dominated by a huge peak of slightly negative screening charge density at 6 =
-0.003, which is due to polarization of —CH,- groups by the ammonium-hydrogen, hydroxyl-
hydrogen and oxygen atoms. The two peaks located at about 0.009 and 0.012 correspond to the
negatively charged -COO™ and lone pairs of the oxygen in the —OH groups, respectively.
Considering the high-polarity region onyg > 0.0084 e¢/A?, these groups can be considered as
hydrogen-bond acceptor groups [22,24]. On the left hand side of the histogram, two low peaks at
values lower than the cutoff -0.0084 e/A” can be observed, which are affected by the alkyl chain.
These peaks are related to the ammonium-hydrogen and hydroxyl-hydrogen; they may contribute
to hydrogen bonds as donors. Finally, the distribution of the charge densities around zero (-
0.0084 e/A* < 6 < 0.0084 ¢/A?) corresponds to the non-polar alkyl groups of the cation, being
those for positive and negative signs assigned to carbon and hydrogen atoms, respectively. Figure
14 shows that the higher number of carbon atoms in the alkyl chain which implies the increasing
of the area below each histogram of charge densities around the non-polar area (water < methanol
< ethanol < 2-HEAA). In this way, the o-profile with high values at 6 = 0 show more repulsive
interactions between polar and non-polar segments, affecting the cohesive properties of the
molecule. The same idea can be applied to mixtures of compounds with very different c-profiles,
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i.e. the binary mixture water + 2-HEAA is another non ideal system studied here. Interestingly,
high deviations of the predicted density for the aqueous systems at high concentrations of 2-
HEAA can be observed, as shown in Figure 15. The thermodynamic model was used with
interaction parameter values of zero. The physical properties used in the model for all substances
are reported in Table 1. The predictive results show percentage relative deviations for the
mixtures of 2-HEAA with water, methanol and ethanol as 3.0%, 0.8%, and 0.5%, respectively.

This suggests that o-profile is an adequate a priori parameter to quantitatively characterize the
non-ideality of volumetric behavior.
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Figure 14. Sigma profiles employed for 2-HEAA(—), water (<), methanol (--), and ethanol (— -).
Note that, due to the definition as conductor screening charges, electrostatically positive parts of
the molecules have negative ¢ and vice versa.
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Conclusions

Density and speed of sound data of binary mixtures 2-hydroxy ethylammonium acetate + (water
or methanol or ethanol) have been measured between 298.15 to 313.15 K and atmospheric
pressure. Other properties, such as excess molar volume and variations in the isothermal
compressibility were also calculated. The values of V* are negative within the temperature and
concentration ranges studied.

The aggregation, dynamic behavior and hydrogen-bond network in 2-HEAA + (water or
methanol or ethanol) mixtures were studied using thermo-acoustic, X-ray and NMR techniques.
The results show a slight perturbation of ionic liquid structure in nonpolar regions by the
presence of hydroxylic solvents. The formation of a water structure around the NH;" was
observed at different water compositions.

The densities for water+2-HEAA, methanol+2-HEAA and ethanol+2-HEAA binary systems have
been predicted using the Peng-Robinson equation of state coupled with the Wong-Sandler mixing
rule using the COSMO-SAC model. COSMO-SAC is also revealed as a valuable computational
tool to describe the intermolecular interaction of systems containing 2-HEAA. In addition, the o-
profile is suggested as a simple molecular parameter to characterize the non ideality of the
mixtures respect to volumetric properties.
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4.2.2.EQUILIBRIO DE FASES

Neste capitulo serdo analisadas as interagdes entre os aldeidos ou ésteres com liquidos i6nicos em
termos do equilibrio liquido-vapor a 101,325 kPa. Os coeficientes de atividade e pardmetros de
interacdo bindria de varios modelos foram obtidos. Além disso, foram realizadas predi¢des precisas
do ELV. Os liquidos idnicos estudados nesta parte foram o sulfato de 1-etil-3-metilimidazdlio,
butirato de N-metil-2-hidroxietilamdnio e hexanoato de N-metil-2-hidroxietilamonio. Os solventes

utilizados foram propanal, pentanal, acetato de metila, acetato de etila e acetato de propila.

4.2.2.1 Testes de solubilidade para os sistemas binarios e equilibrio liquido-vapor a baixas
pressoes

Os resultados indicaram que os sistemas completamente misciveis acima da temperatura de
ebulicdo do solvente mais volatil sdo: etilsulfato de 1-etil-3-metilimidazdlio + propanal ou pentanal,
butirato de N-metil-2-hidroxietilamdnio + acetato de metila, acetato de etila ou acetato de propila, e
hexanoato de N-metil-2-hidroxietilamdnio + acetato de metila, acetato de etila ou acetato de
propila. Este ultimo liquido i6nico foi projetado especialmente para ser soltivel nos trés ésteres
estudados, como comentado no capitulo anterior. Os resultados dos testes de solubilidade das

misturas bindrias sdo apresentados nas Tabelas 4.3 e 4.4.

Os resultados mostram que as misturas entre os liquidos idnicos préticos e aldeidos sdo
exotérmicas, produzindo um sistema de duas fases. A temperatura das misturas atingida com o
propanal, pentanal e hexanal foram 95 °C, 60 °C e 56 °C, respectivamente. As misturas dos aldeidos

com os liquidos i6nicos tipo imidazdlio atingiram o médximo de 35 °C.

Os resultados também mostraram que a solubilidade do liquido idnico prético em ésteres €
influenciada pela cadeia alquilica do anion. Assim, os liquidos i6nicos com cadeias alquilicas curtas
(acetato e propionato de N-metil-2-hidroxietilamonio) ndo apresentam solubilidade nos ésteres, o
butirato de N-metil-2-hidroxietilamdnio apresenta solubilidade no acetato de metila. Considerando
este fato, foi sintetizado o hexanoato de N-metil-2-hidroxietilam6nio, que mostrou solubilidade
completa em todos os ésteres, nas duas temperaturas estudadas. Essa observacdo mostra como ¢é
possivel projetar um liquido i6nico para ser soliivel em um determinado solvente. Ainda sendo um
exemplo simples, pode-se observar a caracteristica mais importante nos liquidos idnicos, sua

projecdo para uma fungio especifica.
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Os resultados mostraram que o cétion influie na solubilidade dos nos ésteres, como observado para

os liquidos i6nicos 2-HE,AB e N-(2-HE)edAB, mantendo o anion butirato.

Por outro lado, o liquido idnico baseado no cation imidazdlio com cadeia alquilica curta no cation é

solivel no propanal e no pentanal, mas nio no hexanal nem ésteres.

Tabela 4.3. Solubilidade de misturas bindrias de liquido i6nico + solvente a 298,15 K.

propanal | pentanal | hexanal acetato de acetato de acetato de
metila etila propila

[emim]*[EtSO4] Sim Sim Nio Nio Nio Nio
[bmim] [MeSO.] Nio Nao Nio Nio Nio Nio
2-HEAA Nao Nao Nao Nao Nio Nio
m-2-HEAA Nao Nao Nao Nao Nao Nao
m-2-HEAPr Nao Nao Nao Nao Nao Nao
m-2-HEAB Niao Nio Nao Sim Sim Nao
m-2-HEAH Nao Nao Nao Sim Sim Sim
2-HE,AB Nao Nao Nao Nao Nao Nao
N-(2-HE)edAB Nao Nao Nao Sim Nao Nao

Tabela 4.4. Solubilidade de misturas bindrias de liquido idnico + solvente a 323,15 K.

acetato de acetato de acetato de
propanal | pentanal | hexanal metila etila propila

[emim]*[EtSO4] Sim Sim Nio Nio Nio Nio
[bmim]* [MeSO4] | Nio Nio Nio Nio Nio Nio
2-HEAA Nao Nao Nao Nao Nao Nio
m-2-HEAA Nao Nao Nao Nao Nao Nio
m-2-HEAPr Nao Nao Nao Nao Nao Nio
m-2-HEAB Nio Nao Nio Sim Sim Sim
m-2-HEAH Nao Nao Nao Sim Sim Sim
2-HE,AB Niao Nao Nao Nao Nao Nao
N-(2-HE)edAB Nao Nao Nao Sim Nao Nao

4.2.2.2 Equilibrio liquido-vapor a baixa pressao

O liquido i6nico utilizado foi desidratado com o método anteriormente descrito e logo utilizado na
preparagdo das solugdes e no ELV dos sistemas bindrios aldeido/ester + liquido i6nico a 101,3 kPa.
A equacdo de estado de Peng-Robinson com a regra de mistura de Wong-Sandler utilizando o

modelo COSMO-SAC foi utilizado na predi¢do do ELV e da densidade das solugdes.

Pode-se observar a influencia do crescimento da cadeia alquilica no anion do liquido idnico (m-2-
HEAB e m-2-HEAH) e a pouca influencia de um liquido i6nico dicationico (N-(2-HE)edAB), como

mostra a Figura 4.8.
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A influencia do liquido i6nico prético e aprético sobre a pressdo de um sistema bindrio, pode ser

observada em um solvente comum, o etanol, como mostra a Figura 4.9.
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A Figura 4.9 mostra o ELV para o sistema bindrio etanol + liquido i6nico: etanol + [emim][EtSO4],
etanol + 2-HE,AB e etanol + N-(2-HE)edAB. Esta figura mostra que os sistemas contendo liquidos
idnicos proticos tem maior temperatura de ebulicdo que os aprotico a baixa concentracdo de liquido
ionico. Dos liquidos idnicos préticos, o liquido idnico dication apresenta o sistema bindrio com

menor temperatura de ebuli¢do.

Os dados experimentais para o ELV e indice de refracdo para os sistemas sdo apresentados nas

tabelas 4.5 e 4.6, respectivamente.

Tabela 4.5. Dados experimentais do ELV para os sistemas bindrios contendo etanol.

Etanol+[emim][EtSO4] N- (gi[iﬁf:))lez AB etanol + 2-HE;AB I;igﬁﬁ;gg:g
X T (K) X T (K) xi | T(K) X T (K)

1.0000 351.44 1.0000 351.44| 1.0000 351.44 | 0.9981 | 330.20
0.9979 351.49 0.9936  351.50| 0.9917 351.65 | 0.9966 | 330.35
0.9582 351.75 0.9883 351.55| 0.9837 351.73 | 0.9917 | 330.25
0.9351 351.99 09861 351.60| 09743 351.80 | 0.9813 | 330.15
0.8980 355.10 0.9798 351.69 | 09864 351.75 | 0.9785 | 329.96
0.7790 360.00 0.9730 351.75| 09767 351.94 | 0.9743 | 32991
0.6538 365.20 0.9678 351.82| 0.9675 352.05 | 0.9604 | 329.78
0.5459 376.00 0.9626 35191 0.9562 352.57 | 0.9549 | 329.95
0.4418 384.80 0.9555 352.06| 0.9465 352.86 | 0.9465 | 329.77
0.3454 404.00 0.9461 35227 | 0.9384 352.75 | 0.9499 | 329.75
0.9428 35231 0.9234 353.05 | 0.9367 | 329.67
0.9410 352.38 | 0.9080 353.54 | 0.8752 | 329.58
0.9246 352.80| 0.8781 354.00 | 0.8686 | 329.55
0.8645 354.30 | 0.8294 | 329.40
0.8469  354.47 | 0.8299 | 329.35
0.8308 355.85 | 0.8059 | 329.30
0.8199  355.95 | 0.7708 | 329.21
0.7935 356.51 | 0.7387 | 329.17
0.7852  356.62 | 0.7232 | 329.15

145



Tabela 4.6. Indice de refragdo a 20 °C para os sstemas bindrios contendo etanol ou acetato de
metila.
etanol + methyl acetate +
N-Q2-HE)jedAB | tanol + ZHEAB N—(2¥HE)edAB
X1 Np X1 np X1 np
0.0000 1.4803 | 0.0000 1.476 | 0.0000 1.4803
0.0691 1.4774 | 0.0813 1.4742 | 0.0667 1.4763
0.1401 1.4767 | 0.1504  1.472 | 0.1041 14715
0.1925 1.4745 | 0.2607 1.4693 | 0.1952 1.4663
0.3276  1.4649 | 0.4294 1.4577 | 03576  1.4537
0.5176  1.4561 | 0.5662 1.4456 | 0.4850 1.4434
0.6519 1.4429 | 0.6708 1.4352 | 0.5933  1.437
0.7467 1.4345 | 0.7498 1.4231 | 0.6875 1.4238
0.8170 1.4234 | 0.8183 14114 | 0.7675 1.4115
0.8676  1.4134 | 0.8760 1.3991 | 0.8362 1.3994
09104 1.4011 | 09230 1.387 | 0.8972 1.3874
0.9453 1.3883 | 0.9642 1.3743 | 0.9510 1.3753
0.9750 1.3751 | 0.9829 1.3679 | 0.9757 1.368
0.9881 1.3681 | 1.0000 1.3614 | 1.0000 1.3615
1.0000 1.3614
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Artigo 4.4: Isobaric vaporliquid equilibria of 1-ethyl-3-methylimidazolium ethylsulfate plus
(propionaldehyde or valeraldehyde): experimental data and prediction

V. H. Alvarez ', S. Mattedi® and M. Aznar'
School of Chemical Engineering, University of Campinas (UNICAMP), Av. Albert Einstein 500,
13083-852, Campinas-SP, Brazil
2Chemical Engineering Department, Polytechnic School, Federal University of Bahia (UFBA), R.
Aristides Novis 2, 40210-630, Salvador-BA, Brazil

This paper reports the density, refraction index, and vapor liquid equilibria (VLE) for
binary  systems  aldehyde  + 1-ethyl-3—methylimidazolium  ethylsulfate
([emim][EtSOy4]): propionaldehyde + [emim][EtSO4] and valeraldehyde +
[emim][EtSOy4]. Excess molar volumes, deviations in the refraction index, apparent
molar volume, and thermal expansion coefficient were calculated from experimental
data and fitted to typical correlations. A qualitative analysis of the variation of the
properties with changes in solvent and temperature was performed. The Peng—Robinson
equation of state, coupled with the Wong—Sandler mixing rule, is used to describe the
experimental data. To calculate activity coefficients we used three different models:
NRTL, UNIQUAC and COSMO-SAC. Since the predictive liquid activity coefficient
model COSMO-SAC is used in the Wong—Sandler mixing rule, the resulting
thermodynamic model is a completely predictive one. The prediction results for the
density and for the vapor-liquid equilibria have a deviation lower than 2.3% and 1.6%,
respectively. The vapor-liquid equilibria predictions show a good description for the
propionaldehyde system and only a qualitative description for the valeraldehyde system.

KEYWORDS: vapor-liquid equilibria; protic ionic liquid; COSMO-SAC; molecular
interactions

1. Introduction

Room-temperature ionic liquids constitute a new class of substances that are considered as
potential substitutes to many traditional organic solvents in reaction and separation processes
(Huddleston et al., 1998; Zhang et al., 2004). In spite of their importance and interest, accurate
values for many of the fundamental physical-chemical properties of these compounds are either
scarce or absent. In order to design any process involving ionic liquids in industrial scale, it is
necessary to know several physical properties, including density and vapor liquid equilibria. Since it
is impossible to measure all the possible combinations of systems, it is necessary to make
measurements on selective systems to provide results that can be used to develop correlations and
predictive methods.

Due to the vast number and nature of the possible ionic liquids, the interest in asymmetric
mixtures is strong. These mixtures, containing lighter and heavier components, can easily be found
in several industries, such as paints and polymers production. Among the main measured properties
of these mixtures are the density and the refraction index. The liquid density is a key property in
solvent extraction, design and processing. The measurement of the refraction index is easy, accurate
and simple, and uses a small quantity of sample (= 0.3 mL).
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The selection of the most suitable ionic liquid for each separation process is not simple, since
there is not enough information about the influence of the structure of the ionic liquid on its
physical and solvent properties. Besides, experimental phase equilibrium data are required for
developing thermodynamic models and for understanding their thermodynamic behavior. Vapor—
liquid equilibria (VLE) data allow checking the potential of excess Gibbs energy (G*) models,
which are used for the description of the nonideal behavior of systems containing ionic liquids.

The oxidation of alcohols to the corresponding aldehydes and ketones is one of the most
important functional group transformations in organic synthesis. Ansari and Gree (2002)
demonstrated that ionic liquids can be employed in the oxidation of alcohols to aldehydes. Figure 1
shows the trend of the open literature publications about ionic liquids and aldehydes, from 1998 to
2009 (ISI web of knowledge, 2010). In this figure, two important years can be easily identified,
2002 and 2008. In 2002, ionic liquids were used together with a catalyst to obtain aldehydes from
alcohols (Ansari and Gree, 2002), and in 2008, aldehydes were obtained from ionic liquids only
(Luo et al., 2007). After the oxidation reaction, a direct distillation of the aldehydes from the
reaction mixture is very attractive, mainly in the case of aldehydes that are volatile enough; besides,
after purification, the ionic liquid could be recycled. Therefore, a study about physical properties
and VLE between mixtures of aldehydes and ionic liquids is required to develop such separation
process.

120
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40
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Figure 1. Open literature produced for each year about ionic liquids and aldehydes.

In this work, experimental density and refraction index data of pure l-ethyl-3—
methylimidazolium ethylsulfate, [emim][EtSO4], have been measured at several temperatures.
Experimental density, refraction index and vapor-liquid equilibria (VLE) data over the whole
composition range for propionaldehyde (also known as propanal) + [emim][EtSO4] and
valeraldehyde (also known as pentanal) + [emim][EtSO4] have been determined at 101.3 kPa.
Excess molar volumes, deviations in the refraction index, apparent molar volume, and thermal
expansion coefficient were calculated from experimental data. Density and VLE data were
predicted using the Peng—Robinson equation of state (Peng and Robinson, 1976) coupled with the
Wong-Sandler mixing rule (Wong and Sandler, 1992) using the COSMO-SAC model (Li and
Sandler, 2002) for the calculation of the liquid-phase activity coefficients.

148



2. Experimental Section
2.1. Chemicals

Both aldehydes and [emim][EtSO4] were supplied by Sigma—Aldrich, with mass fraction
higher than 0.99 and 0.95, respectively. These compounds were ultrasonically degassed before each
use.

2.2. Drying

In order to reduce the water content (lower than 0.1 % mass fraction, determined using a
Mettler-Toledo 756 Karl Fisher titrator), [emim][EtSO4] was dried by heating to 343.15 K and
stirring under high vacuum (7 Pa) for two days, always immediately prior to its use. The ionic
liquid was kept in bottles with nitrogen gas. Table 1 shows a good agreement between experimental
and literature density data of the pure components at 298.15 K.

Table 1. Densities of pure compounds at 298.15 K.

-3
Compound p(gom ).
exp lit
propionaldehyde 0.79485 | 0.7911*
valeraldehyde 0.80473 | 0.8089"
[emim][EtSO4] 1.23686 | 1.23763°

*Renuncio et al. (1996); "Tarakad and Scheller (1979); “Calvar et al. (2008).
2.3. Apparatus and procedure

Samples were prepared by introducing, with a syringe, known masses of the pure liquids into
stoppered bottles, in an inert-atmosphere glove box, using a Mettler AX-205 Delta Range analytical
balance, with a precision of + 1 x 10 g. A glove box was used because the ionic liquid is moisture
sensitive. Densities were measured using an Anton Paar DMA 4000 digital vibrating—tube
densimeter. The repeatability and the uncertainty in experimental measurement have been found to
be lower than + 5 x 10°° g‘cm'3 for the density. The DMA 4000 automatically corrects the influence
of viscosity on the measured density.

Refraction indices were determined using an automatic refractometer MettlerToledo D4 with
a resolution of + 10 and an uncertainty in the experimental measurements of + 2 X 107,

The VLE data were measured using a glass Fischer Labodest vapor-liquid equilibrium still,
model 602D. The temperature was measured by a Pt100 platinum sensor. For the pressure
measurement, a differential U—tube glycerol manometer was used, with an uncertainty of +0.01
kPa. Nitrogen was injected into the still to maintain a constant pressure of 101.32 kPa, in agreement
with the local atmospheric pressure. During the operation, a liquid binary mixture of aldehyde +
[emim][EtSO4] was placed inside the boiling chamber and heated. The mixture of vapor and liquid
in the boiling chamber was carried upward to the equilibrium chamber, where the vapor and liquid
phases were separated after flowing directly along the thermometer stem. The vapor was condensed
in the condenser and went to the mixing chamber. The equilibrium was usually reached in about 30-
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60 minutes, as indicated by the constant boiling temperature. The system was maintained in
equilibrium for about 30 min, and then samples of the vapor and liquid were taken out by syringes.
The compositions of the vapor and liquid phases were determined by refractometric analysis. The
refraction index of both phases was measured at 288.15 K and the results were compared with
samples of known composition, through an inverse interpolation.

3. Modeling

3.1. Physical properties
The density and refraction index for the mixtures were correlated by:
P q i
Z=Y || 2 BT xi” (1
i=0\ \ j=0

where Z is the density or refraction index of the mixture, x; is the mole fraction of the solvent, p and
q are the polynomial degrees, Bj; are the fitting parameters, and T is the absolute temperature.

The excess molar volumes (V) and deviations in the refraction index (onp) were calculated
from experimental values as follows:

“2ol53)

i=1 P Ppi
N
np=np— innDi 3
i=1

where N is the number of compounds in the mixture, x; is mole fraction, M; denotes molar mass, p;
is the density of the pure compound i, p is the density of the mixture, and np and np; are the
refraction index of the mixture and of the pure component i, respectively. These derived properties
were fitted to a Redlich—Kister-type equation:

0= xlxzi[( 3 Czj,‘TjJ(xl —X, )ZJ 4)

i=0
where Q is VEor Mnp, C;; are the fitting parameters and the other variables are the same as above.

The apparent molar volume (@) for the binary mixtures was calculated by:

& = 1000(MJ+ﬁ 5)
mp,p P
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where p is the density of the mixture, p; is the density of the solvent, M; is the molar mass of the
ionic liquid, and m is the molality of the solution. These derived values were correlated by a
modified Redlich—-Mayer equation, where the fitting parameters show temperature dependence:

9 =(i¢;}T"‘J+f&i¢%ﬁ T jm} (©6)

where A;, ¢ and ;/)ijF are fitting parameters.

The thermal expansion coefficient (&p) shows the temperature dependence of volume, and it
is defined as:

1(adV dln p
_1fdvV) __[olnp 7
op V[E)T)P [ oT )P ™

3.2. Vapor-liquid equilibrium

The most common method used for the correlation of phase equilibria in mixtures at high and
low pressure is the use of equations of state (EoS). The most common and industrially important
EoS are the cubic equations derived from the van der Waals EoS; among these, the Peng—Robinson
EoS (Peng and Robinson, 1976) has proven to combine the simplicity and accuracy required for the
prediction and correlation of volumetric and thermodynamic properties of fluids, although there can
be problems when applying the PR EoS to systems near the critical point.

Recently, Alvarez and Aznar (2008a, 2008b) applied an extension of this approach to several
supercritical fluid + ionic liquid systems, using the Peng—Robinson equation of state coupled with
the Wong—Sandler mixing rule (Wong and Sandler, 1992) using the UNIQUAC or NRTL model
(Abrams and Prausnitz, 1975) for the excess Gibbs free energy, GE, using three or four adjustable
parameters, respectively. In addition, by using the Wong—Sandler mixing rule, any cubic EoS can
be made predictive for mixtures, i.e., without the need of any adjustable binary interaction
parameter, when a predictive model for G is used. For example, G* can be determined from the
COSMO-SAC model (Lin and Sandler, 2002), in which the activity coefficient y; of species i is
calculated from the sum of the residual and combinatorial contributions:

Iny, =Iny* +Iny/ "
)
The residual part is calculated considering molecular solvation in a perfect conductor. The
distribution of screening charges on the molecular surface, called the sigma profile, p(c), is first
determined from quantum mechanical calculations. The molecular interactions in the liquid phase

are assumed to be the sum of contributions of surface segment interactions through the screening
charges. With these assumptions, the residual term takes the following form:

ln 7/1_""3' = nizpi(o-m)ln[FS (O-m)_l—‘t(o-m)] (9)

151



where n; is the number of surface segments contained in species i, I's(c) is the activity coefficient
of segment i (whose screening charge density is ¢) in solution S (for which the probability of
finding a segment of charge density o is denoted ps(c)):

InT, (0, )= —ln{z (0T, (0, )exp[%}} (10)

where W(ao,,, 6,) is the electrostatic interaction between two segments of charge density o, and g,,.
The Staverman—Guggenheim model is used for the combinatorial term:

d. 7 o. D
Iny”" =In—+—qg. In—+1. -—~ ) x.I. 11
£ X 2ql D, l X ZJ: o v
CD,-:L gi:ﬂ (12)
erxj quxj
J J
l; =2/ 2)(r, —q;)=(r,=1) (13)

where 6; is the surface area fraction, @; is the volume fraction, z is the coordination number (z=10),
and r; and g; are the normalized volume and surface area parameters for species i.

3.3. Density predictions

The calculation of the molar volume of the mixture at a specific temperature and pressure can
be predicted by an equation of state. The Peng—Robinson equation of state, coupled with the Wong—
Sandler mixing rule and using the predictive liquid activity coefficient model COSMO-SAC, was
used as thermodynamic model to predict the density and VLE. The Peng—Robinson equation can be
written in terms of the compressibility factor, Z, by:

Z3-(1-B)Z*+(A-3B>-2B)Z-(AB-B>-B*)=0 (14)

where A and B are given by:

a P

A=—21 15
(RT)? (15)
b P

B="m"_ 16
RT (16)

where the constants a, and b, are expressed as functions of the concentration of the different
components in the mixture, through the so-called mixing rules. In this work, the Wong—Sandler
mixing rules are used:
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rEefs)

b, =— g 17
g A (17
~b,RT QRT

xa, Af
am=b{2f+§} (18)

i ii

(b—ij :(b,.,.+b (1-k, )w/a,,a,, (19)

RT), 2

In these equations, k;; is the adjustable interaction parameter, Q = In(\N2-1)/ V2 for the PR EoS;
A, the excess Helmholtz free energy at the limit of infinite pressure, is calculated using the
COSMO-SAC activity coefficient model, and a;; and b;; are the EoS constants, defined as

a, =0.457235(RT. /P P [1+ F(1-T"%)|, F=037464+1.542260—0.269920 (20)
b, =0.077796(RT. /P.) 21

where 7; is the reduced temperature, 7. is the critical temperature, P, is the critical pressure, and @
is the Pitzer acentric factor.

Equation 14 yields one or three real roots, depending on the number of phases in the system.
For the prediction of the liquid density, the root of interest is the smallest positive one. It was
shown that this model provides an excellent representation of the vapor-liquid experimental data
(Alvarez and Aznar, 2008). However, an equation of state does not necessarily yield the accurate
volumetric behavior of fluids and their mixtures. In order to improve the description of liquid
densities, a volume translation is used (Peneloux et al., 1982, Loria et al., 2009). Then, the
difference between the volume calculated by the thermodynamic model and the experimental
volume for pure compounds, can be defined:
Av, =V, =V

i,exp i,cal

(22)

where V; ., is the molar volume of the compound i calculated by the thermodynamic model, and
Viexp 18 the experimental molar volume of the compound i. Then, the volume of the mixture is
obtained using the correction of the volume applied by

V., + ZAV X, (23)

where x; is the liquid molar fraction of the pure compound i, V., is the liquid molar volume of the
mixture calculated with the thermodynamic model, and V is the predicted corrected molar volume
of the mixture.

153



3.4. Computational details

For each system, the VLE phase diagram is predicted by using the Peng—Robinson EoS with
the Wong—Sandler/COSMO-SAC mixing rule. For a given liquid phase composition, the bubble
point pressure calculation, as detailed by Michelsen and Mollerup (2007), is performed to obtain the
system pressure and the vapor phase compositions. In order to make the models predictive, the
binary interaction parameters k;; in the combining rules are set to zero.

In the COSMO model, for each compound, the equilibrium molecular geometry is first
determined by minimization of the molecular energy at 0 K. The next step for COSMO-SAC
calculation is to estimate the volume of the cavity (Vcosmo), the total number of segments (COSMO
segments), and the sigma profile of each compound. In this step, a solvation calculation in a perfect
conductor was performed using the equilibrium geometry to obtain the surface screening charges on
the compound. These calculations were done using the quantum chemistry package DMol3 built in
Accelrys Materials Studio v4.3. The sigma profile, p(o), is a file containing the probability of
finding a surface segment with screening charge density, o. The complete detailed settings for
DMol3 were the same used by Mullins et al. (2006). The molecular description of the ionic liquid
was obtained using the ion-pair approach (Diedenhofen and Klamt, 2010). Therefore, the sigma
profile has been obtained for the molecule as a whole. Note that, for each species, the quantum
mechanical part of this calculation only has to be done once. The activity coefficient is then
calculated (Mullins et al., 2006).

The absolute average error in pressure or density (F) from the calculation is determined as:

100 & [ = F
|AF|% = 7 z FeP

(24)

i=1

where N is the number of data point, superscripts exp and cal denote the values from experiment
and calculation, respectively.

4. Parameter Estimation

The parameters for the polynomial Redlich—Kister and Redlich—-Mayer equations were firstly
approximated using a genetic algorithm code, mMyGA (Alvarez et al., 2008), using a whole
interval search. After that, the fitting parameters were best tuned using a non-linear optimization
algorithm based on the Marquardt algorithm. The optimization used the minimization of the
standard deviation (s) between experimental and calculated values, defined as:

N (F _F )2 1/2
exp cal J;
5= R T 25
[Z N o ] (25)
where N is the number of experimental points, m is the number of parameters in the curve fit, and

Feq and Fy, are the values of the property calculated by the model and obtained experimentally,
respectively.
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5. Results and Discussion

The [emim][EtSOy4] structure was checked by 1D hydrogen NMR spectrum as shown in the
supporting information. [emim][EtSO4] shows completely solubility in water, methanol, ethanol,
propionaldehyde and valeraldehyde, from 288.15 to 323.15 K, and it is not soluble in some alkanes
as n—octane and n—dodecane. The water content of pure ionic liquid and the mixtures was less than
320 + 50 ppm.

5.1. Physical properties

Densities and excess molar volumes of the binary mixtures aldehyde (1) + [emim][EtSO4] (2)
at 298.15 K, and refraction indices and deviations in the refraction indices at atmospheric pressure
(= 96 kPa) are listed in Tables 2 and 3, respectively. The complete data are presented in the
supporting information and the Tables 4 and 5 contain the fitting parameters by Equation (1) for
these properties.

Table 2. Density and excess volume for the aldehyde (1) + [emim][EtSO4] (2) at 298.15 K.
propionaldehyde + [emim][EtSO,] | valeraldehyde + [emim][EtSO,]
x| p (g/em’) v X p(gemd) WV
0.0000 1.23686 0.0000| 0.0000 1.23686  0.0000
0.0770 1.22094 0.3357| 0.0792 1.21193  0.7703
0.1702 1.20892  -0.5959| 0.1010 1.20759  0.5564
0.2146 1.20181 -0.9340( 0.2039 1.18549 -0.4193
0.3671 1.17521 -2.3390| 0.3008 1.16215 -1.3149
0.4184 1.16288  -2.6072| 0.4074 1.13350 -2.3246
0.5246 1.13230  -3.0373| 0.5048 1.10270 -3.0903
0.6160 1.10102  -3.4659| 0.6047 1.06669 -3.8475
0.7074 1.06218  -3.8166| 0.7012 1.02935 -4.8701
0.8104 1.00373  -3.9102| 0.8024 0.98252 -5.7690
0.9022 0.92591 -3.0568| 0.8970 0.92662 -6.0413
0.9521 0.86519  -1.7250| 0.9513 0.88782 -5.8717
1.0000 0.79485 0.0000| 1.0000 0.80473  0.0000

Table 3. Refraction index and deviations for aldehyde (1) + [emim][EtSOy4] (2) at 298.15 K.

propionaldehyde + [emim][EtSO,] | valeraldehyde + [emim][EtSO4]
X7 np (SI’ZD X7 np (5I’ZD
1.0000 1.3648 0.0000 1.0000 1.3960 0.0000
0.9521 1.3854 0.0150 0.9513 1.4231 0.0229
0.9022 1.4100 0.0338 0.8970 1.4310 0.0262
0.8104 1.4260 0.0390 0.8024 1.4403 0.0273
0.7074 1.4369 0.0379 0.7012 1.4486 0.0270
0.6160 1.4467 0.0370 0.6047 1.4554 0.0255
0.5246 1.4532 0.0328 0.5048 1.4621 0.0237
0.4184 1.4627 0.0299 0.4074 1.4672 0.0204
0.3671 1.4641 0.0253 0.3008 1.4718 0.0159
0.2146 1.4730 0.0163 0.2039 1.4759 0.0116
0.1702 1.4768 0.0150 0.1010 1.4788 0.0057
0.0770 1.4789 0.0062 0.0792 1.4793 0.0044
0.0000 1.4817 0.0000 0.0000 1.4817 0.0000
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Table 4. Fitting parameters and root mean square deviations for density and refraction index of

binary systems by equation (1).

propionaldehyde + [emim][EtSO4] valeraldehyde + [emim][EtSOy4]
p/(g cm”) np p/Ag cm”™) np
Boo 1.468 1.485 1.450 1.484
Bo: -8.970x 10™ -8.029 x 107
Boo 3.705 x 107 2279 x 107
Bio 4384 %10 -1.002 x 10 -1.377 x 10° 7.173 x 102
By -3.306 x 107 8.037 x 107
B, 5.268 x 10° -1.294 x 107
Bao -1.587 2.057 x 10 1.658 1.351 % 10"
By 7.789 x 107 -1.514 % 107
B -1.386 x 107 2437 %107
B3 8.465 % 10! 2.195% 10" -5.482 % 107! -1.421x 10"
Bs -1.124 % 107 1.336 x 107
B 5.241x10° 2.369 % 107
Bao 3.566 x 10 -1.919x 10"
By -3.934 % 107 -5.665 x 107
Ba, 3.375 % 10° 1.079 x 107
s 33%x10° 4.8 x10™ 7.6x% 107 2.0x 10™

s: standard deviation between experimental and calculated values

Table 5. Fitting parameters and root mean square deviations for excess molar volume and
deviations of refraction index of binary systems by equation (4).

propionaldehyde + [emim][EtSOy]

valeraldehyde + [emim][EtSO4]

VE/(cm® mol™) p VE/(ecm® mol ™) Mp

Coo 1.682 % 10" 1.280 x 107! 9.126 9.566 x 107
Co1 9.653 x 107 -7.037 x 107
Co 2.017 x 10" 6.733 x 10 -9.665 7.259 x 10
Cu 9.412x 107 -3.082x 10
Cao 1.337 x 10! 1.101 x 10 1.362 -1.803 x 102
Cyy -6.959 x 107 -8.129 x 10
Cso 1.453 x 10? 1.960 x 10! -3.670 x 10" -1.261 x 107!
Cy -5.722x 107! 2.568 x 107!
Cuo 1.480 % 10" 5.052 x 10 -2.905 x 10" 2.500 x 107!
Cu -8.652x 107 2.375x 107"
Cso -6.020 x 10° 9.338 x 10 -4.509 x 10" 3.950 x 10!
Cs, 2.044 1.209
Ceo -1.917 x 10" 1.335 x 10"
Ce1 1.286 x 107! 3.274 x 107"
Cqo 5.450 x 10% 1.987 x 10"
Cr -1.844 -1.248

s 4.4 %107 2.1%x10° 9.3%x 107 1.1x10°

s: standard deviation between experimental and calculated values
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Figure 2 shows the density as a function of composition and temperature. This figure shows a
similar behavior for the two binary mixtures. Density increased with the decrease of temperature
and the increase of ionic liquid composition. In all figures, the open points are the experimental data
and the lines are model fittings. Figures 3 and 4 show the experimental excess molar volume and
the deviations in the refraction index, respectively, as well as the fitted curves for the binary
mixtures aldehyde + [emim][EtSOy]. In Figure 3a we can observe that the excess molar volumes
show a minimum at x; = 0.65 for the propionaldehyde + [emim][EtSO4] system and at x; = 0.9 for
the valeraldehyde + [emim][EtSO4] system; besides, both systems present a positive VE with a
maximum at x; = 0.1.
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Figure 2. Density versus mole fraction and temperature, (a) propionaldehyde +
[emim][EtSO4], (b) valeraldehyde + [emim][EtSO4].

Excess molar volumes are the results of the intermolecular interactions due to the difference
between the real and the ideal molar volumes. Sigmoidal-shaped curves have been observed for
these systems; it has been suggested that this shape results from two opposing effects. The positive
excess molar volumes obtained in the ionic liquid-rich region may be attributed to the breakdown
of the hydrogen bonded structure of the ionic liquid. In the aldehyde-rich region, the negative
excess molar volumes observed may be attributed to the accommodation of the ionic liquid
interstitially in the hydrogen bonded structure of the aldehyde (solvation of the ionic liquid). From
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the results, it could be seen that V* values increase with the increase of the alkyl chain length in the
aldehyde.
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Figure 3. Excess molar volume versus mole fraction and temperature, (a) propionaldehyde +
[emim][EtSOy], (b) valeraldehyde + [emim][EtSO4].
In these systems, a large negative V¥ with a curve skewed to the aldehyde—rich region can be

explained by occupation of the free volume or cavities in the open ionic liquid structure by the
aldehyde. The observed V* values may be explained qualitatively as follows: the ionic liquid is
partially self-associated in the pure state and the degree of self-association may decrease when
small quantities of aldehydes are mixed. This may be due to dissociation of hydrogen—bonding
interactions into the ionic liquid and into the aldehyde; with an additional quantity of aldehyde, the
aldehyde molecules begin to fill up the cavities in the ionic liquid structure, and the process
concludes with the creation of new hydrogen—bonding interactions between the ionic liquid and the
aldehyde. A decreasing of V* reflects the new compact structure or the more efficient packing
achieved in the mixture than in the pure compounds. The magnitude of the contributions made by
these different types of interactions will vary with the aldehyde and the composition of the mixture.
From figure 3 can be seen that the curves are skewed to the aldehyde-rich region. The skewing of
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the curves is due to the size of the alkyl chain in the aldehyde; since propionaldehyde has a smaller
alkyl chain, changes in V¥ are less pronounced. This trend in V¥ values can be attributed to an
increased interaction between the ionic liquid and the aldehyde with a strong packing effect
observed with the increase of the alkyl chain.

The excess molar volumes become more negative as the temperature increases because the
kinetic energy of molecules also increases with temperature, which leads to a decrease in interaction
of the molecules (Zhong et al., 2007).

In Figure 4, the refraction index deviations are positive for the two systems, and the
maximum lies at a mole fraction of approximately 0.85 for both binary systems. According to
Nakata and Sakurai (1987) the sign of dnp is opposite to that of V* if the behavior of the refraction
index is not too nonlinear between np; and npy. In our mixtures this rule is truly fulfilled in all the
cases.
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Figure 4. Deviations in the refraction index, propionaldehyde (©), valeraldehyde (o), Redlich-Kister
fitted values (-).

At low solute concentrations, the measured volume reflects the contribution of both solvent
and solute intrinsic properties. Thus, results have to be carefully interpreted to discriminate between
those due to the intrinsic packing of a solute and those due to interactions occurring at the interface
in contact with the solvent. This characteristic can be obtained from experimental densities. Thus,
the apparent molar volume is used to study the aggregation behavior of the solutes in a wide variety
of mixtures (Ruso et al., 2004).

The apparent molar volume data are given in the supplementary information. Table 6 contains
the fitting parameters for this property. Figure 5 shows that the apparent molar volume, ¢y, rises
rapidly at low concentrations (below 15 m), while at higher concentrations is almost constant (all
two mixtures shown the same trend). Also, in these figures this property increases with temperature.
This behavior can be explained by the presence of aggregation species. Figure 5 shows the increase
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of the [emim][EtSO4] concentration at each isotherm, inducing the increase of ¢y due to the
solvation of ions and the breaking of the net structure of the solvent. Also, the curves of Figure 5
show that, as the molality of [emim][EtSO4] increases, the high packing of the solvent is the
dominant contributor until a critical concentration; in this point, the quasi constant values of @y
reflect the attraction between the ionic pair of [emim][EtSOy] as the principal contributor.

Table 6. Fitting parameters and standard deviations for apparent molar volume of binary systems by
equation (6).

propionaldehyde + [emim][EtSO,] | valeraldehyde + [emim][EtSO4]

¢v (g cm”) v (g cm™)
Ao 5.000 x 10™ 4728 x 107
A 4.815x 10 3.197 x 10
As 4.927 x 10™ 3.110x 107
Moo” 9.90 x 10° 4792 x 10°
0o 5.353 x 10 4.435 x 10°
Doz 2493 x 10™ 3.405 % 10™
0o 6.562 x 10° -1.304 x 10’
0" 4.396 x 10" -1.955 x 10*
01" 1.769 x 10™ -8.521 x 10
0" -1.648 x 10* 1.267 x 107
0oy -9.700 x 10" 1.944 x 10*
02 -4.258 x 10 -4.575 % 10"
O 2.474 % 10° -1.138 x 10°
o 7792 % 10! -3.386 x 10°
Op” 1.522 x 107 2.041 x 10™

s 1.5 1.2

s: standard deviation between experimental and calculated values
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Figure 5. Apparent molar volume vs molality and temperature, (a) propionaldehyde +
[emim][EtSOy], (b) valeraldehyde + [emim][EtSO4].

The values for apparent molar volumes at infinite dilution, d) v, were obtained by
extrapolation at infinite dilution (m — 0), based on the extended Redlich—-Mayer relation, Equation
(6). The values of ¢y for several temperatures are shown in Figure 6 for the propionaldehyde
system, but not for the valeraldehyde system, which shows negative values by the extrapolation.
This figure shows that the apparent molar volume at infinite dilution for propionaldehyde mixture
decreases with the temperature. This behavior and the fact that the values are lower than the pure
ionic liquid molar volume confirm the compact structure of the mixture.
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Figure 6. Apparent molar volume at infinite dilution vs. temperature. Binary system with
propionaldehyde (0)

The values for the thermal expansion coefficient are shown in the supplementary information
and the behavior is shown in Figure 7. The value deduced for op is particularly sensitive to the type
of mathematical function used to fit the density data. The fit can be done with a linear function;
however, subtle effects stem from the nonlinear behavior of most fluids, and therefore a piece of
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information may be lost. In these figures, the pure ionic liquid shows a stable value of thermal
expansion coefficient with the increase of temperature, while an increase in the value of this
coefficient was observed for the binary mixtures and pure aldehydes.
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Figure 7. Thermal expansion coefficient vs. solvent mole fraction and temperature, (a)
propionaldehyde + [emim][EtSOy], (b) valeraldehyde + [emim][EtSO4].

The propionaldehyde mixture exhibits a higher thermal expansion than the valeraldehyde
mixture. The results suggest that the increasing of the alkyl chain length in the aldehyde strongly
decreases the thermal expansion coefficient. The increasing of the alkyl chain seems to yield a
smaller thermal expansion coefficient even at higher concentrations of ionic liquid, the difference
between a,, for the binary mixtures being about 20%.
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The results of this study suggest that aldehydes are accommodated in the ionic liquid structure
in the aldehyde-rich region (x; > 0.5), possibly by forming hydrogen bonds with both the anion and
the cation. The increase on cohesive energy is probably the cause of volumetric compression of the
system from the pure aldehyde to x; = 0.6. If the ionic liquid is present in over equimolar amounts
(x2 > 0.5), this order become unstable, and the aldehydes rearranges into a different internal order,
in which more ionic liquid can be accommodated. Further addition of ionic liquid may be the
starting point of ionic liquid aggregates, and some aldehyde molecules not hydrogen—bonded to the
ionic liquid appears.

5.2. Density predictions

Figure 8 compares the o-profile for [emim][EtSO4], propionaldehyde, and valeraldehyde
compounds. The o-profile of these compounds can be qualitatively divided in three main regions,
which are separated in Figure 8 by two vertical lines located at the cutoff values for the hydrogen
bond donor (oyp < -0.0084 e/1°\2) and acceptor (o > 0.0084 e/Az) group (Lin and Sandler, 2002).
For [emim][EtSQy4], the o-profile reveals to be broader than the g-profiles of the aldehydes. Also,
the o-profile of this ionic liquid is dominated by a huge peak of slightly negative screening charge
density at ¢ = -0.004, which is due to the polarization of -CH,- groups by the amine—hydrogen and
oxygen atoms. The two peaks about 0.011 and 0.013 correspond to the negatively charged and lone
pairs of the oxygen in the sulfate group. Considering the high-polarity region gyp > 0.0084 e/A?,
these groups can be considered as hydrogen—bond acceptor groups (Lin and Sandler, 2002;
Diedenhofen and Klamt, 2010). On the left-hand side of the histogram, it can be observed one
small peak at values lower than the cutoff, -0.0084 e/A?, which is affected by the alkyl chain. This
peak is related to the amine-hydrogen; it may contribute to hydrogen bonds as donors. Finally, the
distribution of the charge densities around zero (-0.0084 e/A? < 6 < 0.0084 e/A%) corresponds to the
non-polar alkyl groups of the cation, being those for positive and negative signs assigned to carbon
and hydrogen atoms, respectively. Also, Figure 8 shows that the higher number of carbon atoms in
the alkyl chain implies the increasing of the area below each histogram of charge densities around
the nonpolar area (propionaldehyde < valeraldehyde < [emim][EtSOy]). In this way, the o-profile
with high values at ¢ = 0 show more repulsive interactions between polar and nonpolar segments,
affecting the cohesive properties of the molecule. The same idea can be applied to mixtures, where
compounds with very different o profiles would create a less compact mixture than a mixture of
compounds with similar ¢ profiles. The binary mixture [emim][EtSO4] + propionaldehyde is the
system with the most different ¢ profiles, so they are more difficult to fit between them, getting a
less orderly and compact structure than the system [emim][EtSO4] + valeraldehyde. Therefore, the
mixture [emim][EtSOy4] + valeraldehyde have greater VE, as can be seen in Figure 3.

The physical properties used in the model for all substances are reported in Table 7. The
average relative deviations between calculated and experimental density values for the mixtures of
[emim][EtSO4] with propionaldehyde and valeraldehyde are 1.1%, and 2.3%, respectively (Figure
9). This confirms that o-profile is an adequate a priori parameter to characterize quantitatively the
nonideality of volumetric behavior.
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Table 7. Physical properties used in the modeling.

Pc COSMO VoMo
Compound MM Tc (K) (MPa) w r q segments’ ( A3) c
propionaldehyde  58.08 504.4° 4.92° 0.25591* 7797 4.57 421 85.8253

valeraldehyde 86.13 566.1° 3.97° 0.34716* 1240 6.59 645 129.8010

[emim][EtSO,] 23629  1067.49°  4.00° 037441° 27.53 12.85 1097 282.0909

*Diadem Public (2000); "Valderrama and Robles (2007); “this work
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Figure 9. Comparison of experimental and PR-WS/COSMO-SAC model predicted values of
density (g.cm™) for binary mixtures propionaldehyde + [emim][EtSO4] (o) and valeraldehyde +
[emim][EtSO4] (O).
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5.3. VLE data

The vapor-liquid equilibrium (VLE) phase diagrams of the two binary mixtures covering a
wide range of temperature (313.15-403.15) K at 101.3 kPa are examined. The systems have strong
interactions between the species (aldehyde and ionic liquid).

In order to validate the technique, experimental vapor-liquid equilibrium data for the system
ethanol (1) + [emim][EtSO4] (2) were first determined and compared with published data from
Calvar et al. (2008). As it could be observed in Figure 10, a good agreement between this work and
the data from Calvar et al. (2008) was achieved, and the experimental technique was considered
validated.
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Figure 10. Vapor-liquid equilibrium: (7x diagram) for the system ethanol + [emim][EtSO4]. This
work (o), Calvar et al. (2008) (A).

VLE for the binary systems aldehyde (1) + [emim][EtSO4] (2) have been determined at 101.3 kPa
and the results are summarized in Table 8. The parameters used in the thermodynamic model Peng—
Robinson EoS with the Wong—Sandler/COSMO-SAC mixing rule are reported in Table 7. The
experimental data and predicted results for the systems are shown in Figure 11 and the average
relative deviations between these values for the mixtures of [emim][EtSO4] with propionaldehyde
and valeraldehyde are 0.3%, and 1.6%, respectively. The representation of the phase behavior has a
good trend for the propionaldehyde mixture only, and the pure vapor phase is correctly predicted for
both mixtures. The Peng—Robinson EoS with the Wong—Sandler using NRTL or UNIQUAC model
are shown in Figure 12 and the average relative deviations are below than 0.15% for the binary
systems. For these systems the interaction parameters are shown in the Table 9.
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Table 8. Vapor liquid equilibria at 101.3 kPa for the binary systems with [emim][EtSO4].

propionaldehyde (1) + [emim][EtSO4] (2) | valeraldehyde (1) + [emim][EtSO4] (2)
X1 T (K) X1 T (K)
1.0000 321.2 1.0000 376.2
0.9164 322.8 0.9595 378.3
0.8633 323.6 0.9403 381.2
0.8449 324.0 0.8916 384.2
0.8159 324.7 0.8859 385.4
0.7601 326.1 0.8638 386.7
0.7526 326.1 0.8522 388.2
0.7208 327.3 0.8175 392.0
0.6694 331.2 0.8016 396.0
0.6352 333.7
0.6171 335.2
Table 9. Details of the fitted results for the systems studied using the PR+WS/UNIQUAC or
PR+WS/NRTL models.
Model kij a A,‘/ A/,‘ 9%\AT)
propanal (1) + [emim][EtSOy4] (2)
NRTL 0,1049 0,3470 -9446,8691 22616,1934 0,06
UNIQUAC 0,3691 - -3173,4609 7032,0225 0,12
pentanal (1) + [emim][EtSO4] (2)
NRTL 0,1836 0,4171 -0,0214 -9287,5674 0,14
UNIQUAC -0,6838 - -3875,4272 22743,0293 0,14
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Figure 11. Vapor-liquid equilibrium (7x diagram): propionaldehyde + [emim][EtSO4] (©) and
valeraldehyde + [emim][EtSO,4] (0); lines are predicted values.
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6. Conclusions

Density and refraction index of binary mixtures aldehyde + 1—ethyl-3—methylimidazolium
ethylsulfate have been measured at atmospheric pressure. Other properties, such as excess molar
volume and deviations in the refraction index were also calculated. The values of V* are negative at
high concentrations of aldehyde and positive in the opposite case. The obtained results indicate that
ionic liquid interactions with aldehydes generate a new packing order depending of the mixture
composition and the alkyl chain length in the aldehyde.

The vapor-liquid equilibrium of binary systems propionaldehyde + [emim][EtSO4] and
valeraldehyde + [emim][EtSO4] at 101.3 kPa was measured by a dynamic method.

The Peng—Robinson equation of state coupled with the Wong—Sandler mixing rule using the
COSMO-SAC model was used to predict the density and vapor liquid equilibrium.

The predicted densities show deviations below than 2.3 %. COSMO-SAC is also revealed as
a valuable computational tool to describe the intermolecular interaction of systems containing
[emim][EtSO4]. In addition, the o-profile is suggested as a simple molecular parameter to
characterize the nonideality of the mixtures respect to volumetric properties.

The experimental VLE data were predicted and fitted by the thermodynamic model with
deviations below than 1.6 % and 0.15% respectively.
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Artigo 4.5: Density, Refractive Index and Vapor-Liquid Equilibria of N-Methyl-2-
Hydroxyethylammonium Butyrate plus (Methyl Acetate or Ethyl Acetate or Propyl Acetate)
at Several Temperatures
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13083-970, Campinas-SP, Brazil
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40210-630, Salvador-BA, Brazil

ABSTRACT - This paper reports the densities, refractive indices, and vapor liquid
equilibria for binary systems ester + n-methyl-2-hydroxyethylammonium butyrate (m-2-
HEAB): methyl acetate (1) + m-2-HEAB (2), ethyl acetate (1) + m-2-HEAB and propyl
acetate (1) + m-2-HEAB (2). The excess molar volumes, deviations in the refractive
index, the apparent molar volume, and the coefficient of thermal expansion for the
binary systems were fitted to typical equations. The Peng-Robinson equation of state,
coupled with the Wong-Sandler mixing rule, is used to describe the experimental data.
To calculate activity coefficients we used three different models: NRTL, UNIQUAC
and COSMO-SAC. Since the predictive liquid activity coefficient model COSMO-SAC
is used in the Wong-Sandler mixing rule, the resulting thermodynamic model is a
completely predictive one. The prediction results for the density and for the vapor-liquid
equilibria have a deviation lower than 1.0% and 1.1%, respectively. The vapor-liquid
equilibria predictions show a good trend for the esters mixture.

KEYWORDS: ionic liquid; COSMO-SAC; excess volume

1. Introduction

Actually, organic esters are important intermediates in chemical and pharmaceutical
industries, and they are mostly produced by acid-catalyzed esterification reactions (Larock, 1999).
Various mineral acids have been used as catalysts for esterification, but they are extremely
corrosive and need to be neutralized at the end of the reaction. Many acid-catalyzed organic
reactions based on ILs have been reported, among which esterifications are a hot topic (Zhu et al.,
2003) Furthermore, at the end of the reaction, a direct liquid-liquid separation or distillation of the
esters compounds from the reaction mixture appears very attractive in the case of derivatives that
are volatile enough. And, after performing purification methods on the ionic solvent, it could be
recycled.

Room-temperature ionic liquids are neoteric substances, salts that are liquids below
approximately 373 K and they are considered as potential substitutes to many traditional organic
solvents in reaction and separation processes (Huddleston et al., 1998; Zhang et al., 2004). In spite
of their importance and interest, accurate values for many of the fundamental physical-chemical
properties of these compounds are either scarce or absent. In order to design any process involving
ionic liquids in industrial scale, it is necessary to know several physical properties, including
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density and vapor-liquid equilibria between mixtures of esters and ionic liquids. Since it is
impossible to measure all the possible combinations of systems, it is necessary to make
measurements on selective systems to provide results that can be used to develop correlations and
predictive methods.

The majority studies concerning ionic liquids have been based on the imidazolium cation and,
to a lesser extent, on the alkyl pyridiniums and trialkylamines (Marsh et al., 2004). In opposition
Protic ionic liquids (PIL’s) have received limited attention from the academia. The first PIL
synthetized was the ethanolammonium nitrate, reported by Gabriel and Weiner in 1882. These PILs
were produced by a stoichiometric acid-base Brgnsted reaction and their main difference,
compared to aprotic ILs (AIL’s), is the presence of at least a labile proton, which is/are able to
promote extensive hydrogen bonding (Kennedy and Drummond, 2009; Alvarez et al., 2010).
Newly, some work has been reported on the synthesis, physicochemical and structural
characterization of PILs. Bicak (2005) synthesized the 2-hydroxyethylammonium formate (2-
HEAF), an ionic liquid formed by the neutralization of monoethanolamine with formic acid.
Greaves et al. (2006) proposed different PILs from primary amines and organic and inorganic acids.
Cota et al. (2007), Kurnia et al. (2009) and Alvarez et al. (2010) synthesized a family of these ILs
by modifying the aliphatic chain of the organic acid and/or using secondary and tertiary
hydroxyamines. There were also studies that use PIL’s in catalytic reactions and on the interaction
with hydroxilic solvents, showing that 2-HEAF is soluble in water, ethanol and methanol in all the
concentration range (Iglesias et al., 2008). Moreover, a relevant aspect, few times considered in the
relation application of ILs and the environment, is their potential toxicity. This issue has not been
sufficiently studied until now, especially taking into account the need of this information to fulfill
the REACH (Registration, Evaluation, Authorization and Restriction of Chemical Substances)
requirements (UE) and so, allowing the assessment of hygiene and safety issues derived from their
manufacture, use, and transport in the industrial sectors in which these substances will be applied.
In what is referred to PIL"s from hydroxyamines and organic acids, the first results highlight that
total biodegradation and low toxicity are intrinsic characteristics of these family of ionic liquids
(Sierra et al., 2008; Peric et al., 2010).

In this work, experimental density and refractive index data of pure m-2-HEAB PIL have
been measured at several temperatures. Also, experimental density, refractive index and vapor-
liquid equilibria (VLE) data over whole composition range for methyl acetate (1) + m-2-HEAB (2),
ethyl acetate (1) + m-2-HEAB (2) and propyl acetate (1) + m-2-HEAB (2) have been determined at
101.3 kPa. The coefficient of thermal expansion, excess molar volumes, and deviations in the
refractive index were calculated from experimental data. Density and VLE data were predicted
using the Peng-Robinson equation of state (Peng and Robinson, 1976) coupled with the Wong-
Sandler mixing rule (Wong and Sandler, 1992) using the COSMO-SAC model (Li and Sandler,
2002) for the calculation of the liquid-phase activity coefficients.

2. Experimental Section

2.1. Chemicals
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The esters were supplied by Sigma-Aldrich, with mass fraction higher than 0.99, and were
degassed ultrasonically.

2.2. Synthesis

N-methyl-2-hydroxyethylammonium butyrate was prepared according to a slightly modified
literature procedure (Alvarez et al., 2010); a quantity of butanoic acid was added dropwise to a
quantity of 2-(methylamino)ethanol and cooled in an ice bath under nitrogen at a rate to maintain
the reaction temperature below 283.15 K, since the reaction is exothermic. The reaction mixture
was stirred at room temperature for 5 h and the progress of the reaction was monitored by refractive
index measurements. The ionic liquid n-methyl-2-hydroxyethylammonium butyrate obtained was
dried by heating to 343.15 K and stirring under high vacuum (7 Pa) for 48 h. Its purity was
ascertained as 98 % mass fraction by NMR method. Then, the ionic liquid was kept in bottles with
nitrogen gas.

To reduce the water content (lower than 0.1 % mass fraction, determined using a 756 Karl
Fisher titrator), the dried method was applied, always immediately prior to their use.

Table 1 shows a good agreement between experimental and literature density data of the pure
components at 298.15 K. The differences between experimental and literature data for pure m-2-
HEAB can be explained because physical properties of ionic liquids depend on the water content
and other impurities.

Table 1. Density of pure compounds at 298.15 K.

p (gem”)
exp lit
methyl acetate | 0.92682 | 0.9282°
ethyl acetate 0.89490 | 0.8928"
propyl acetate | 0.88261 | 0.8823"
m-2-HEAB 1.03394 | 1.0392°
*Sarkar and Roy (2009); ®Alvarez et al. (2010)

Compound

2.3. Apparatus and procedure

Samples were prepared by introducing with a syringe known masses of the pure liquids into
stoppered bottles, in an inert-atmosphere glove box, using a Mettler AX-205 Delta Range analytical
balance, with a precision of + 10 g. A glove box was used because the ionic liquid is moisture
sensitive. Densities were measured using an Anton Paar DMA 4000 digital vibrating-tube
densimeter. The repeatability and the uncertainty in experimental measurement have been found to
be lower than * 5x10° gem™ for the density. The DMA 4000 automatically corrects the influence
of viscosity on the measured density.

Refractive indices were determined using an automatic refractometer Mettler Toledo D4 with
a resolution of + 10 and an uncertainty in the experimental measurements of + 2x10™.
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3. Modeling
3.1. Properties

The density and refractive index for the mixtures were correlated by:

p(( 4 i
Z=1| D B;T’ |xi” QY
i=0( \ j=0

where Z is the density or speed of sound of the mixture, x; is the mole fraction of the solvent, p and
q are the polynomial degrees, B;; are the fitting parameters, and 7 is the absolute temperature.

The excess molar volumes (V%) and deviations in the refractive index (Jks) were calculated
from experimental values as follows:

P 1 1

i=1 P P
N
onp =np— innDi 3
i=1

where N is the number of compounds in the mixture, x; is mole fraction; M; denotes molar mass; o
is the density of the pure compound i, p is the density of the mixture, np and np; are the refractive
index of the mixture and the refractive index of the pure components, respectively. These derived
properties were fitted to a Redlich-Kister-type equation:

0, = xlxzi[(i CijTjJ(xl ) )lJ “4)

i=0
where Q;; is VE or ks and the other variables are the same as above.

The apparent molar volume (@) for the mixtures contend m-2-HEAB were calculated by:

& = 1000(MJ+ﬁ 5)
mp,p P

where p is the density of the mixture, p; is the density of the solvent, M, is the molar mass of ionic
liquid, m is the molality of the solution. These derived values were correlated by a modified
Redlich—-Mayer equation, where the fitting parameters show temperature dependence:

O =(i¢?ijj+i[[i¢’ff T}n} (©)
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where F represents any apparent molar property and @ and ¢ijF are fitting parameters.

The thermal expansion coefficient (ap) shows the temperature dependence of volume, and it
is defined as:

1(aoV dlnp
_1fdvV) __(olnp 7
op v[aTJP [ oT JP ™

3.2. VLE

The most common method used for the correlation of phase equilibria in mixtures at high and
low pressure is the use of equations of state (EoS). The most common and industrially important
EoS are the cubic equations derived from van der Waals EoS; among these, the Peng—Robinson
EoS (Peng and Robinson, 1976) has proven to combine the simplicity and accuracy required for the
prediction and correlation of volumetric and thermodynamic properties of fluids, although there can
be problems when applying the PR EoS to systems near the critical point.

Recently, Alvarez and Aznar (2008a, 2008b) applied an extension of this approach to several
supercritical fluid + ionic liquid systems, using the Peng—Robinson equation of state coupled with
the Wong—Sandler mixing rule (Wong and Sandler, 1992) using the UNIQUAC or NRTL model
(Abrams and Prausnitz, 1975) for the excess Gibbs free energy, G*, using three or four adjustable
parameters, respectively.

By using the Wong-Sandler mixing rule, any cubic EoS can be made predictive for mixtures,
i.e., without the need of any adjustable binary interaction parameter, when a predictive model for
G* is used. For example, G* can be determined from the COSMO-SAC model (Lin and Sandler,
2002), in which the activity coefficient y; of species i is calculated from the sum of the residual and
combinatorial contributions:

Iny, =Iny/* +Iny™" @)

The residual part is calculated considering molecular solvation in a perfect conductor. The
distribution of screening charges on the molecular surface, called the sigma profile p(o), is first
determined from quantum mechanical calculations. The molecular interactions in the liquid phase
are assumed to be the sum of contributions of surface segment interactions through the screening
charges. With these assumptions, the residual term takes the following form:

Iny® =nY p,(o,)n[y(c,)-T(0,)] )

where n; is the number of surface segments contained in species i, ['s(¢) is the activity coefficient
of segment i (whose screening charge density is ¢) in solution S (for which the probability of
finding a segment of charge density ¢ be denoted ps(o):
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InT, (0, )= —ln{z (0T (0, )exp{%}} (10)

where W(a,,, g,) is the electrostatic interaction between two segments of charge density o, and o,.
The Staverman—Guggenheim model is used for the combinatorial term:

P, z o, D,
Iny” =In—+—=—g,In—+1 -— > x [ 11
7 X 2(], e, ' x5 (ih
S (12)
erxj quxj
J J
l=(2/2)(r,=g)=(r,=1) (13)

where 6; is the surface area fraction, @; is the volume fraction, z is the coordination number (z=10),
and r; and g; are the normalized volume and surface area parameters for species i.

3.3. Density predictions

The calculation of the molar volume of the mixture at a specific temperature and pressure can
be predicted by an equation of state. The Peng-Robinson equation of state, coupled with the Wong-
Sandler mixing rule using the predictive liquid activity coefficient model COSMO-SAC was used
as thermodynamic model to predict the density. In the COSMO model, for each compound, the
equilibrium molecular geometry is first determined by minimization of the molecular energy at 0 K.
The next step for COSMO-SAC calculation is to estimate the volume of cavity (Vcosmo), the total
number of segments (COSMO Segments), and the sigma profile of each compound. The
calculations were done using the quantum chemistry package DMol3 built in Accelrys Materials
Studio v4.3. The sigma profile, p(c), is a file containing the probability of finding a surface segment
with screening charge density, 6. The detailed settings for DMol3 can be found elsewhere (Mullins
et al., 2006) and, for the molecular description of the ionic liquid, there is used the ion-pair
approach (Diedenhofen and Klamt, 2010). The sigma profile of ionic liquid has been obtained for
the molecule as a whole. The activity coefficient is then calculated (Mullins et al., 2006). The Peng-
Robinson equation can be written in terms of the compressibility factor (Z) by:

Z3-(1-B)Z*+(A-3B>-2B)Z-(AB-B>-B*)=0 (14)

where A and B are given by:

a P

A= 15
(RT)? (15)
b P

B=-% 16
RT (16)
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where the constants a,, and b, are expressed as functions of the concentration of the different
components in the mixture, through the so-called mixing rules. In this work, the Wong-Sandler
mixing rules are used:

b, =— d (17)

xa, AL
a, =b,n{2f+§} (18)

(b_ij :(bii+b (1- k )\/aztajj (19)

In these equations, k;; is the adjustable interaction parameter, Q = ln(\/ 2-1)/ V2 for the PR EoS,
and A’ the excess Helmholtz free energy at the limit of infinite pressure, is calculated using the
COSMO-SAC, activity coefficient model, and a;; and b;; are the EoS constants, defined as

a, = 0.457235(RT. /P P |1+ F(L-T°)], F=0.37464+1.54226—0.26992" (20)
b, =0.077796(RT./P.) (21)

where T, is the reduced temperature, T is the critical temperature, P, is the critical pressure, and @
1s the Pitzer acentric factor.

Equation 14 yields one or three real roots, depending on the number of phases in the system.
It was shown that this model provides an excellent representation of the vapor-liquid experimental
data (Alvarez and Aznar, 2008a). For the prediction of the liquid density, the root of interest is the
smallest positive one. An equation of state does not necessarily yield the accurate volumetric
behavior of fluids and their mixtures. In order to improve the description of liquid densities, a
volume translation is ued (Peneloux et al., 1982, Loria et al., 2009). Then, for the prediction of the
liquid density, the root of interest in Equation (14) is the smallest positive one. Then, the difference
between the volume calculated by the thermodynamic model and the experimental volume for pure
compounds, can be defined:
Av,=V. =V,

i,exp i,cal

(22)
where V., is the molar volume of the compound i calculated by the thermodynamic model, and

Viexp 18 the experimental molar volume of the compound i. Then, the volume of the mixture is
obtained using the correction of the volume applied by

vV, + ZAV X, (23)
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where x; is the liquid molar fraction of the pure compound i, V., is the liquid molar volume of the
mixture calculated with the thermodynamic model, and V is the predicted corrected molar volume
of the mixture.

3.4. Computation details

The vapor-liquid equilibrium (VLE) phase diagrams of three binary mixtures covering a wide
range of temperature (313.15-403.15) K at 101 kPa are examined. The chosen systems have strong
interactions between the species (esters and ionic liquid).

For each system, the VLE phase diagram is predicted by using the Peng-Robinson EoS with
the Wong-Sandler/COSMO-SAC mixing rule. For a given liquid phase composition, the bubble
point pressure calculation, as detailed by Michelsen and Mollerup (2007), is performed to obtain the
system pressure and the vapor phase compositions. In order to make the models predictive, the
binary interaction parameters k;; in the combining rules are set to zero.

For each compound, the equilibrium molecular geometry is first determined by minimization
of the molecular energy at 0 K using the quantum chemistry package DMol3 implemented in
Accelrys Materials Studio v4.3. A solvation calculation in a perfect conductor is then performed
using the equilibrium geometry to obtain the surface screening charges on the compound. . The
detailed settings for DMol3 was the same that Mullins et al. (2006) applied. The activity coefficient
is then calculated from the procedure above using an in-house program. Note that, for each species,
the quantum mechanical part of this calculation, which may be time consuming, only has to be done
once, regardless of the temperature and the composition of mixture needed. The absolute average
error in pressure, vapor phase composition or density from the calculation is determined as:

Fexp

2 Fexp 24)

where N is the number of data point, superscripts exp and cal denote the values from experiment
and our calculation, respectively.

4. Parameter Estimation

In this work, the first approximation parameter estimation was performed using a genetic
algorithm code, mMyGA (Alvarez et al., 2008) using a whole interval search. After that, the fitting
parameters were best tuned using a non-linear optimization algorithm based on the Marquardt
algorithm. The optimization used the minimization of the standard deviation (s) between
experimental and calculated values, defined as:

N F _F l 2 1/2

i=1
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where N is the number of experimental points, m is the number of parameters in the curve fit, and
F.q and F,,, are the values of the property calculated by the model and obtained experimentally,
respectively.

5. Results and Discussion

The m-2-HEAB was synthetized and the 1D hydrogen spectrum was similar than Alvarez et
al., (2010) as can be seen in Figure 1. The m-2-HEAB ionic liquid shows completely solubility in
water, methanol and ethanol, and it is not soluble in some alkanes as n-octane and n-dodecane. The
humidity of the ionic liquid was determined by using DL31 Karl Fischer titrator (Mettler Toledo)
and shows moisture less than 900 + 50 ppm of H,O.
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Figure 1. 1D hydrogen spectrum for the m-2-HEAB ionic liquid.

The m-2-HEAB ionic liquid shows completely solubility in methyl acetate, in ethyl acetate,
and in propyl acetate from 288.15, 303.15, and 308.15 K, respectively. These data established the
lower temperature where the liquids were miscible and thus where the excess properties could be
determined.

5.1. Properties

Densities and excess molar volumes of the binary mixtures methyl acetate (1) + m-2-HEAB
(2), ethyl acetate (1) + m-2-HEAB (2) and propyl acetate (1) + m-2-HEAB (2) at 298.15 K and
refractive indices and deviations in the refractive indices at atmospheric pressure are listed in Tables
2 and 3. The complete data are presented in the supporting information. Table 4 contains the fitting
parameters for density and refractive index by equation (1). Figures 2 shows this property as a
function of composition and temperature. This figure shows a similar behavior for the three binary
mixtures. The increase of the density is obtained by a decrease of the temperature and an increase of
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the ionic liquid composition. In all figures, the open points are the experimental data and the lines
are the results for the model fitted.

Table 2. Density and excess volume for the esters (1) + m-2-HEAB (2).

methyl acetate + m-2-HEAB | ethyl acetate + m-2-HEAB |propyl acetate + m-2-HEAB
(288.15 K) (303.15 K) (313.15 K)

X1 p (glem’) V* X1 p(gem’) V X1 p(gem’)  V*

0.0000 1.04600 0.0000 |0.0000  1.03587 0.0000 |0.0000  1.02914 0.0000
0.0454 1.04000 0.3520 |0.0454 1.02624 0.8080 |0.0785  1.01332 0.9322
0.0956 1.03610 0.5246 |0.0956  1.02232 0.6510 |0.1247  1.00937 0.6252
0.1990 1.02730 0.8605 |0.1990 1.01358 0.3460 |0.2070  0.99976 0.4202
0.2901 1.02107 0.7075 |0.2901  1.00461 0.1635 0.3035  0.98989 -0.1133
0.4120 1.01560 0.4704 |0.4120  0.99258 -0.2320 10.4177  0.97759 -0.7700
0.5070 1.01150 -0.0991 [0.5070  0.98119 -0.4054 0.5088  0.96473 -0.9609
0.6018 1.00300 -0.2154 [0.6018  0.96706 -0.3654 0.6042  0.94838 -0.8692
0.7039 0.99140 -0.1586 [0.7039  0.95035 -0.3235 10.6960  0.93130 -0.7187
0.8031 0.97720 -0.0865 [0.8031  0.93153 -0.1807 |0.7939  0.91241 -0.6133
0.8998 0.95970 -0.0291 |0.8998  0.91157 -0.0795 10.8936  0.89100 -0.3774
0.9497 0.95010 0.0118 [0.9497  0.90062 -0.0494 10.9454  0.87887 -0.1920
1.0000 0.93990  0.0000 |1.0000 0.88876 0.0000 1.0000  0.86570 0.0000

Table 3. Refractive index and deviations for the systems esters (1) + m-2-HEAB(2).

methyl acetate + m-2-HEAB | ethyl acetate + m-2-HEAB | propyl acetate + m-2-HEAB
(288.15 K) (303.15 K) (313.15 K)

Xj np onp X] np onp Xj np onp
1.0000  1.3650 0.0000 |1.0000 1.3672 0.0000 |1.0000 1.3741 0.0000
0.9483 1.3746 0.0048 [0.9497 13746 0.0031 |0.9454 1.3809 0.0027
0.8979 1.3833 0.0088 |0.8998 1.3812 0.0054 |0.8936 1.3870 0.0048
0.7912  1.3996 0.0152 |0.8031 1.3949 0.0107 |0.7939 1.3991 0.0093
0.6898 1.4130 0.0191 |0.7039 1.4055 0.0128 |0.6960 1.4068 0.0095
0.5928 1.4232 0.0203 |0.6018 1.4161 0.0146 |0.6042 1.4146 0.0103
0.4973 1.4327 0.0210 |0.5070 1.4246 0.0149 |0.5088 1.4222 0.0106
0.3983 1.4399 0.0190 |0.4120 1.4324 0.0145 |0.4177 1.4288 0.0103
0.3079 1.4349 0.0056 |0.2901 1.4411 0.0127 |0.3035 1.4365 0.0092
0.2074 1.4509 0.0123 |0.1990 1.4472 0.0109 [0.2070 1.4417 0.0071
0.1097 1.4556 0.0079 |0.0956 1.4511 0.0059 |0.1247 1.4457 0.0048
0.0646  1.4558 0.0039 |0.0454 1.4533 0.0038 |0.0785 1.4483 0.0039
0.0000 1.4579 0.0000 |[0.0000 1.4534 0.0000 |0.0000 1.4504 0.0000
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Table 4. Fitting parameters and root mean square deviations for density and refractive index of

binary systems by equation (1).

Methyl acetate + m-2-HEAB

Ethyl acetate + m-2-HEAB

Propyl aceate + m-2-HEAB

p/(g cm™) np plgem®)  np pAg cm™) np
Boo 1.232x10° 2.777x10°  1.199x10°  -3.073x10*  1.191x10° -3.279x10*
Bor -6.045x10%  -9.538x10"  -4.133x10*  -1.004x10° -3.631x10*  -1.037x10?
Bo, -1.288x107  6.655x10"  -4.314x107  6.656x10"  -4.988x107  6.656x10’!
By -4.042x102  -2.777x10*  6.744x10"  -3.073x10*  1.153x10"  -3.279x10*
B;; -3270x10%  -9.538x10'  -5.009x107  -1.004x10*> -1.418x10°  -1.037x10?
B, 2.275x107 6.655x10"  7.651x10°  6.656x107"  1.437x10°  6.656x10"
By -4289x10"  2.777x10*  2.726x10°  -3.073x10* -7.005x10"  -3.279x10*
By, 5.014x107° 9.538x10"  -1.493x10%  -1.004x10*> 5.699x107°  -1.037x10?
By -8.910x10°  6.655x10"  2.216x10°  6.656x10"  -7.503x10°  6.656x10"
By 1.038x10° 2.777x10*  -1.029x10"  -3.073x10*  3.092x10"  -3.279x10*
By -9.772x10°  -9.539x10"  6.185x102  -1.004x10°> -3.651x107  -1.037x10?
By, 1.697x107° 6.655x10"  -9.657x10°  6.656x107"  2.715x10°  6.656x10"
By -5.938x10" 6.943x10° 2.368x10"!
By 5.138x107° -4.266x107 -9.480x10™
By -9.241x10° 6.703x107 3.117x10°®
s 89x10™ 3.9 9.2x10* 8.5 1.0x107° 1.45

p: density, u: velocity of sound, Bjj: the fitting parameters of equation (1), s: standard deviation

between experimental and calculated values.
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Figure 2. Density versus mole fraction and temperature, (a) methyl acetate + m-2-HEAB, (b)
ethyl acetate + m-2-HEAB, (c) propyl acetate + m-2-HEAB.
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Figure 3. Excess molar volume versus mole fraction and temperature, (a) methyl acetate + m-2-
HEAB, (b) ethyl acetate + m-2-HEAB, (c) propyl acetate + m-2-HEAB.

Figure 3 and Figure 4 show the experimental excess molar volume and deviations in the
refractive index, respectively, as well as the fitted curves for binary mixtures ester + m-2-HEAB.
Table 5 contains the fitting parameters for these properties. In Figure 3a we can observe that the
excess molar volumes show a minimum at x;= 0.6 for the methyl acetate +m-2-HEAB system and
x1=0.5 for the other two systems; besides, the methyl acetate + m-2-HEAB system presents a
maximum at x;=0.25 and x;=0.1 for the other two systems. The minimum V** could be due to
hydrogen bonds between ester and ionic liquid. At higher concentrations of ester, in the methyl
acetate + m-2-HEAB system we can observe a maximum that can be due to the dissociation of the
ions in the ionic liquid. In the same way, low concentration of the ester breaked the self-associate IL
to build a positive V2. And, a continues introduction of esters in the ionic liquid structure results in
considerable decrease in the excess molar properties to more negative values to build association
IL-ester, showing the polar effect of the molecules. In other cases, the increase of the alky chain in
the ester results in an increase of the excess molar properties, showing the ability of the alkyl chain
to fill the holes of the new structure IL-ester.
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Figure 4. Deviations in the refractive index. Methyl acetate(o), ethyl acetate (A), propyl
acetate (0), fitted values by the Redlich-Kister model (-).

Table 5. Fitting parameters and root mean square deviations for excess molar volume and
deviations of refractive index of binary systems by equation (4).

Methyl acetate + m-2-HEAB Ethyl acetate + m-2-HEAB Propyl aceate + m-2-HEAB

VE(ecm® mol™)  np VE(ecm® mol™)  np VE/(em® mol™)  np

Coo 3.522x107! 8.358x107 -1.410x10° 5.932x107 5.642x10" 4.207x107
Co1 -2.220x107 -4.827x10* -3.047x107

Co 2.263x10' 2.046x1072 1.990x10" 3.731x10™* 8.886x10° -2.466x107
Ci -1.023x10™! -7.116x10 -3.082x107

Cao 1.655x10" -3.952x10%  3.372x10" 2.424x107 -2.587x10" 2.265x107
Coy -5.146x107 -7.384x107 1.431x10™"

Cso -1.615x10° 2.684x107  -2.016x10° 5.451x107 -1.027x10° 4.328x10
Cs 5.991x10™ 6.189x10™ 2.362x10™"

Cuo 4.460x10" 1.754x10™ -4.874x10" 2.229x107  5.698x10" -5.188x107
Cu -2.512x10™ 6.217x107 -3.290x10!

Cso 2.592x10° 2.583x1072 4.773x10° 2.330x102  2.363x10° -5.718x10
Cs; -9.653x10 -1.406x10° -5.372x10!

Ceo -1.085x10% -1.643x10"  1.173x10" 1.010x1072 -3.227x10" 5.576x10
Ce1 4.374x10™! 8.512x1072 2.633x10"

Cyo 9.517x10" -3.437x10° -1.879x10°

Cy 3.788x107! 9.433x10™" 3.963x10™"

s 3.6x107 3.7x107 2.6x107 4.0x10™ 2.9x107 1.4 x10™

VE: excess molar volumes, dics: changes of isentropic compressibility, Cjj: the fitting parameters of
equation (4), s: standard deviation between experimental and calculated values,
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In Figure 4, the refractive index deviations are positive values for the three systems, and the
maximum lies at a mole fraction of approximately 0.6 for the methyl acetate + m-2-HEAB system
and at 0.5 for the other two systems. According to Nakata and Sakurai (1987) the sign of Jnp is
opposite to that of VEX if the behavior of the refractive index is not too non-linear between np; and
npz. In our mixtures this rule is truly fulfilled in all the cases.

The apparent molar volume data are given in the supplementary information. Table 6 contains
the fitting parameters for these properties. Figure 5 shows that the apparent molar volume, ¢y, rises
rapidly at low concentrations (below 30 mol/kg), while at higher concentrations is almost constant
(all three mixtures shown the same trend). Also, in the figures the properties increase with
temperature at all concentrations.

Table 6. Fitting parameters and standard deviations for apparent molar volume of binary systems
by equation (6).

Methyl acetate + m-2-HEAB  Ethyl acetate + m-2-HEAB  Propyl acetate + m-2-HEAB

dv dv dv
(gem™) (g em”) (gem™)

Ao 8.761x10™ 7.977x10" 9.074x10™
A 8.459x10™ 7.637x10" 8.356x10™
A, 8.825x10™! 7.806x10™" 8.743x10™!
Moo” -2.809x10° 6.180x10 -1.090x10°
0or" 1.872x10" -2.113x10° 7.820x10°
002" -4.604x107 7.789x107 -1.166x107
oo 5.847x10 7.526x10 -1.321x10°
0" -3.903x10° -2.565x10° 9.481x10°
e 9.626x107 9.660x107 -1.404x107
Moo” 2.234x10° -1.365x10° 2.373x10°
ooy " -1.488x10" 4.657x10" -1.702x10"
0" 3.657x107 -1.736x107 2.530x107
o 1.229x10? 1.373x10? 2.457x10°
o 1.215x10™ 9.423x10™ -7.048x10™"
OF> -4.455x107 1.573x10™ 1.279x10°

s 0.3 0.3 0.3

@y: apparent molar volume, ¢, isentropic apparent molar compressibility, Ag, A, Ay, Az, (I)ijF, FOO,

¢F01, ¢F02: the fitting parameters of equation (6), s: standard deviation between experimental and
calculated values.

The values for apparent molar volumes at infinite dilution ¢y were obtained by extrapolation
at infinite dilution (m — 0), based on the extended Redlich-Mayer relation, Equation (6). The
values of ¢y for several temperatures are shown in Figure 6. This figure shows that the apparent
molar volume at infinite dilution for methyl acetate mixture is greater than other esters mixtures and
increase with the raising of the temperature.
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Figure 5. Apparent molar volume versus molality and temperature, (a) methyl acetate + m-2-
HEAH, (b) ethyl acetate + m-2-HEAH, (c) propyl acetate + m-2-HEAH.
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Figure 6. Apparent molar volume at infinite dilution versus temperature. Binary system with
methyl acetate (0), ethyl acetate (0) and propyl acetate (A).

The values for the thermal expansion coefficient are shown in the supplementary information
and the behavior is shown in Figure 7. The value deduced for op is particularly sensitive to the type
of mathematical function used to fit the density data. The fit can be done with a linear function;
however, subtle effects stem from the non-linear behavior of most fluids, and therefore a piece of
information may be lost. In these figures, the ionic liquid shows a stable value of thermal expansion
coefficient with the rise of temperature, a different behavior for the binary mixtures and esters
solvents. For the binary mixtures and esters the thermal expansion coefficient increases with the
raise of the temperature and concentration of the ester. This behavior shows a very polar attraction
among the high ordering molecules of the ionic liquid.
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Figure 7. Thermal expansion coefficient versus mole fraction of the solvent and temperature, (a)
methyl acetate + m-2-HEAH, (b) ethyl aceate + m-2-HEAH, (c) propyl acetate + m-2-HEAH.

5.2. Density predictions

Figure 8 compares the o-profile for m-2-HEAB, methyl acetate, ethyl acetate, and propyl
acetate compounds. The o-profile of these compounds can be qualitatively divided in three main
regions, which are separated in Figure 8 by two vertical lines located at the cutoff values for the
hydrogen bond donor (opp < -0.0084 e/A%) and acceptor (ogp > 0.0084 e/A?) group (Lin and
Sandler, 2002). For m-2-HEAB, the c-profile reveals to be broad as the o-profiles of the hydroxylic
solvents. Also, the o-profile of this ionic liquid is dominated by a huge peak of slightly negative
screening charge density at ¢ = -0.003, which is due to polarization of —CH,- groups by the
ammonium-hydrogen, hydroxyl-hydrogen and oxygen atoms. The two peaks about 0.009 and 0.012
corresponds to the negatively charged -COQO™ and lone pairs of the oxygen in the —OH groups,
respectively. Considering the high-polarity region oyg > 0.0084 e/A’, these groups can be
considered as hydrogen-bond acceptor groups (Lin and Sandler, 2002; Diedenhofen and Klamt,
2010). On the left hand side of the histogram, it can be observed two low peaks at values lower than
the cutoff -0.0084 ¢/A?, which are affected by the alkyl chain. These peaks are related to the
ammonium-hydrogen and hydroxyl-hydrogen; they may contribute to hydrogen bonds as donors.
Finally, the distribution of the charge densities around zero (-0.0084 e/A* < 6 < 0.0084 e/A%)
corresponds to the non-polar alkyl groups of the cation, being those for positive and negative signs
assigned to carbon and hydrogen atoms, respectively. Figure 8 shows that the higher number of
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carbon atoms in alkyl chain implies the increasing of the area below each histogram of charge
densities around the non-polar area (water < methanol < ethanol < m-2-HEAB). In this way, the o-
profile with high values at ¢ = 0 show more repulsive interactions between polar and non-polar
segments, affecting the cohesive properties of the molecule. The same idea can be applied to
mixtures of compounds with very different o-profiles, i.e. the binary mixture water + m-2-HEAB is
the more non ideal system studied here. Interestingly, it can be observed high deviations of the
predicted density for the aqueous systems at high concentrations of m-2-HEAB, showed in Figure
9. The thermodynamic model was used with the value of the interaction parameters as zero. The
physical properties used in the model for all substances are reported in Table 7. The predictive
results show percentage relative deviations for the mixtures of m-2-HEAB with water, methanol
and ethanol as 0.8%, 1.0%, and 1.0%, respectively. This suggests that c-profile is an adequate a
priori parameter to characterize quantitatively the non-ideality of volumetric behavior.
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Figure 8. Sigma profiles employed for m-2-HEAB (— —), methyl acetate (—), ethyl acetate (---),
and propyl acetate (--). Note that, due to the definition as conductor screening charges,

electrostatically positive parts of the molecules have negative ¢ and vice versa.

—

Table 7. Properties of the substances used in the modeling

Compound MM Tc (K) (I\Zﬁa) © r q (S:Sgill\glis VCOSMO (33)¢
methyl acetate * 74.08 506.55 4.75 0.33126 8.61 5.08 459 97.0419
ethyl acetate * 88.11 523.30 3.88 0.36641 10.91 6.18 571 117.9393
propyl acetate®  102.13 549.73 3.36 0.38890 13.21 7.19 676 139.8076
m-2-HEAB" 163.21 760.26 2.69 1.04756 14.67 8.33 969 225.8936

“Diadem public (2000); "Valderrama and Robles (2007); “This work.
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5.3. VLE data

In order to validate the technique, experimental VLE data for the system ethanol (1) + 1-
ethyl-3-methylimidazolium ethylsulfate, [emim] [EtSO4] (2) were determined and compared with
published data from Calvar et al. (2008). This comparison is shown in Figure 10. From the results
in this figure, the experimental technique can be considered as validated and can be used to
determine the new experimental data involving m-2-HEAB.
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Figure 10. Vapor temperature vs. ethanol mole fraction for the system ethanol + [emim][EtSOy].

This work (o), Calvar et al. (2008) (A).

Vapor-liquid equilibrium for the binary systems ester (1) + m-2-HEAB (2) have been
determined at 101.3 kPa and the VLE data are summarized in Table 8. Figure 11 show the predicted
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values of the models. Table 9 shows the interaction parameters and the deviation results of the
model. The predicted and fitted relative percentage average deviations for the mixtures are below
than 2.50% and 0.34%, respectively. The predicted representation of the phase behavior has a good
trend and the pure vapor phase is correctly predicted for the mixtures.

Table 8. Vapor liquid equilibria at 101.3 kPa for the binary systems aldehyde (1) + m-2-HEAB (2).

X | TK | x| | TK | X | T
Methyl acetate + m-2-HEAB  Ethyl acetate + m-2-HEAB  Propyl acetate + m-2-HEAB
1.0000 330.1 1.0000 349.8 1.0000 374.0
0.9746 330.2 0.9612 350.0 0.9575 374.4
0.9004 331.1 0.8956 350.3 0.9283 374.6
0.7753 332.0 0.8294 351.2 0.8944 374.8
0.6889 333.1 0.8188 3514 0.8446 375.7
0.6174 334.6 0.7904 3514 0.7410 377.1
0.6137 334.9 0.7576 351.9 0.7207 376.7
0.5399 337.8 0.7312 352.2 0.7153 377.5
0.4938 342.2 0.6925 353.0 0.6922 378.2
0.4872 342.6 0.6824 353.9 0.6616 378.6
0.4798 343.6 0.6581 353.3 0.6423 379.2
0.4696 344.2 0.6419 354.2 0.6289 379.7
0.6248 354.7 0.6171 380.4
0.5867 355.3 0.5827 381.6
0.5807 355.9 0.5548 382.9
0.5718 357.0 0.5482 383.7
0.5363 358.3 0.5333 383.3
0.4995 361.9 0.5121 385.3
0.4974 361.0 0.4579 389.2
0.4915 363.4 0.4253 391.3
0.4558 368.2 0.4040 394.8
0.4554 365.5 0.4106 393.7
0.4471 367.3 0.3803 396.8
0.4339 370.8 0.3653 398.4
0.4190 371.6 0.3502 400.3

0.4162 372.7
0.3938 374.7
0.3780 376.3
0.3663 378.8
0.3439 379.6
0.3423 380.2
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Table 9. Details of the fitted results for the systems studied using the PR+WS/UNIQUAC or

PR+WS/NRTL models.
Model ki,' a A,‘,‘ A,’i %1AT)
acetato de metila (1) + m-2-HEAB (2).
NRTL 0,1944 0,3133 40019,0625 61398,9180 0,34
UNIQUAC 0,8970 - 6086,4258 -3537,9409 0,16
acetato de etila (1) + m-2-HEAB (2)
NRTL -0,0039 0,3920 -33397,7070 -747,0703 0,32
UNIQUAC 0,6648 - -3484,8975 7225,5708 0,22
acetato de propila (1) + m-2-HEAB (2).
NRTL -0,7653 0,3230 -78984,4844 -2586,5935 0,10
UNIQUAC 0,5977 - -3334,3506 6417,3892 0,14
420
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Figure 11. Temperature vs. composition of the ester. (0) methyl acetate (1) + m-2HEAB (2), (0)
ethyl acetate (1) + m-2HEAB (2), (A) propyl acetate (1) + m-2HEAB (2), and predicted values as

lines (—).

6. Conclusions

Density and refractive index of binary mixtures ester + N-methyl-2-hydroxyethylammonium
butyrate have been measured at atmospheric pressure. Other properties, such as excess molar
volume and deviations in the refractive index were also calculated. The values of V* are negative at
high concentrations of ester and positive in the opposite case.

The densities for methyl acetate + m-2-HEAB, ethyl acetate + m-2-HEAB and propyl acetate
+ m-2-HEAB binary systems have been predicted using the Peng-Robinson equation of state
coupled with the Wong-Sandler mixing rule using the COSMO-SAC model. COSMO-SAC is also
revealed as a valuable computational tool to describe the intermolecular interaction of systems
containing m-2-HEAB. In addition, the o-profile is suggested as a simple molecular parameter to
characterize the non ideality of the mixtures respect to volumetric properties.

The vapor-liquid equilibrium of binary systems ester (methyl acetate, ethyl acetate or propyl
acetate) + N-methyl-2-hydroxyethylammonium butyrate at 101.3 kPa was measured by a dynamic
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method. The experimental density and VLE data were predicted by using the Peng-Robinson
equation of state with the Wong-Sandler mixing rule and COSMO-SAC model. The prediction
results for density are reliable with low deviations than 1%, and for the VLE are only reliable for a
qualitative description.
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Artigo 4.6: Density, Refractive Index and Vapor-Liquid Equilibria of N-Methyl-2-
Hydroxyethylammonium Hexanoate plus (Methyl Acetate or Ethyl Acetate or Propyl Acetate)
at Several Temperatures

V. H. Alvarez 1, S. Mattedi’ and M. Aznar'
’School of Chemical Engineering, State University of Campinas (UNICAMP), P.O. Box 6066,
13083-970, Campinas-SP, Brazil
?Chemical Engineering Department, Polytechnic School, Federal University of Bahia (UFBA),
40210-630, Salvador-BA, Brazil

ABSTRACT - This paper reports the densities, refractive indices, and vapor liquid
equilibria for binary systems ester + n-methyl-2-hydroxyethylammonium hexanoate (m-
2-HEAH): methyl acetate (1) + m-2-HEAH (2), ethyl acetate (1) + m-2-HEAH and
propyl acetate (1) + m-2-HEAH (2). The excess molar volumes, deviations in the
refractive index, the apparent molar volume, and the coefficient of thermal expansion
for the binary systems were fitted to typical equations. The Peng-Robinson equation of
state, coupled with the Wong-Sandler mixing rule, is used to describe the experimental
data. To calculate activity coefficients we used three different models: NRTL,
UNIQUAC and COSMO-SAC. Since the predictive liquid activity coefficient model
COSMO-SAC is used in the Wong-Sandler mixing rule, the resulting thermodynamic
model is a completely predictive one. The prediction results for the density and for the
vapor-liquid equilibria have a deviation lower than 1.6% and 1.1%, respectively. The
vapor-liquid equilibria predictions show a good trend for the esters mixture.

KEYWORDS: ionic liquid; COSMO-SAC; excess volume
1. Introduction

Room-temperature ionic liquids constitute a new class of substances that are considered as
potential substitutes to many traditional organic solvents in reaction and separation processes
(Huddleston et al., 1998; Zhang et al., 2004). In spite of their importance and interest, accurate
values for many of the fundamental physical-chemical properties of these compounds are either
scarce or absent. In order to design any process involving ionic liquids in industrial scale, it is
necessary to know several physical properties, including density and vapor liquid equilibria. Since it
is impossible to measure all the possible combinations of systems, it is necessary to make
measurements on selective systems to provide results that can be used to develop correlations and
predictive methods.

Due to the vast number and nature of the possible ionic liquids, the interest in asymmetric
mixtures is strong. These mixtures, containing lighter and heavier components, can easily be found
among several industries such as those producing paints and polymers. One of the among principal
properties of the mixtures is the density and the property of easy measurement is the refractive
index. The liquid density is a key property in solvent extraction, design and processing. The
measurement of refractive index is easy and simple, it use a little quantity of sample (= 0.3 ml) and
the sample can be easily save of bubbles, and the results are accurate.
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The prediction of the most suitable IL for each separation process is limited since there is not
enough information about the influence of the structure of the IL on its physical and solvent
properties. Besides, experimental phase equilibrium data are required for developing
thermodynamic models and for understanding their thermodynamic behavior. Vapor-liquid
equilibria (VLE) data permit checking the potential of excess Gibbs energy (G”) models which are
used for the description of the nonideal behavior of systems containing IL.

In recent times room temperature ionic liquids have attracted increasing interest in the area of
green chemistry. Although ionic liquid was initially introduced as an alternative green reaction
medium, today it has marched far beyond showing its significant role in controlling the reaction as
catalyst (Ranu et al.,, 2006). Then, a number of ionic liquids with unique properties have been
developed and applied to catalyze many types of reactions. Some acidic ionic liquids, which exhibit
a stable acidic anion, have been utilized to catalyze esterification reaction (Zhu et al., 2003).

The Figure 1 shows the trend of the open literature production about ionic liquids and esters,
from 1999 to 2009. Also, this figure shows two important years for the increase of this research. In
2003, the increased of the research was due to the application of ionic liquids as catalyst to produce
esters from alcohols and organic acid (Zhu et al., 2003), and in 2007, the research was increased
due the production of biodiesel (fatty acid methyl esters) in ionic liquids (Ha et al., 2007).
Furthermore, a direct distillation of the esters compounds from the reaction mixture appears very
attractive in the case of derivatives that are volatile enough. And, after performing purification
methods on the ionic solvent, it could be recycled. Then, a study about physical properties and VLE
between mixtures of aldehydes and ionic liquids are required for to develop a separation process.

160
140 A
120 A
100 A
80 A
60 -

N° of papers

40 -
20 A

0 T T T T T
1998 2000 2002 2004 2006 2008 2010

year
Figure 1. Open literature production about ionic liquids and esters.

The majority studies concerning ionic liquids have been based on the imidazolium cation and,
to a lesser extent, on the alkyl pyridiniums and trialkylamines (Marsh et al., 2004). In opposition
Protic ionic liquids (PIL’s) have received limited attention from the academia. The first PIL
synthetized was the ethanolammonium nitrate, reported by Gabriel and Weiner in 1882. These PILs
were produced by a stoichiometric acid-base Brgnsted reaction and their main difference,
compared to aprotic ILs (AIL’s), is the presence of at least a labile proton, which is/are able to
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promote extensive hydrogen bonding (Kennedy and Drummond, 2009; Alvarez et al., 2010).
Newly, some work has been reported on the synthesis, physicochemical and structural
characterization of PILs. Bicak (2005) synthesized the 2-hydroxyethylammonium formate (2-
HEAF), an ionic liquid formed by the neutralization of monoethanolamine with formic acid.
Greaves et al. (2006) proposed different PILs from primary amines and organic and inorganic acids.
Cota et al. (2007), Kurnia et al. (2009) and Alvarez et al. (2010) synthesized a family of these ILs
by modifying the aliphatic chain of the organic acid and/or using secondary and tertiary
hydroxyamines. There were also studies that use PIL’s in catalytic reactions and on the interaction
with hydroxilic solvents, showing that 2-HEAF is soluble in water, ethanol and methanol in all the
concentration range (Iglesias et al., 2008). Moreover, a relevant aspect, few times considered in the
relation application of ILs and the environment, is their potential toxicity. This issue has not been
sufficiently studied until now, especially taking into account the need of this information to fulfill
the REACH (Registration, Evaluation, Authorization and Restriction of Chemical Substances)
requirements (UE) and so, allowing the assessment of hygiene and safety issues derived from their
manufacture, use, and transport in the industrial sectors in which these substances will be applied.
In what is referred to PIL s from hydroxyamine and organic acid, the first results highlight that total
biodegradation and low toxicity are intrinsic characteristics of these family of ionic liquids (Sierra
et al., 2008; Peric et al., 2010).

In this work, experimental density and refractive index data of pure m-2-HEAH PIL’s have
been measured at several temperatures. Experimental density, refractive index and vapor-liquid
equilibria (VLE) data over whole composition range for methyl acetate (1) + m-2-HEAH (2), ethyl
acetate (1) + m-2-HEAH (2) and propyl acetate (1) + m-2-HEAH (2) have been determined at 101.3
kPa. The coefficient of thermal expansion, excess molar volumes, and deviations in the refractive
index were calculated from experimental data.

2. Experimental Section
2.1. Chemicals

The esters were supplied by Sigma-Aldrich, with mass fraction higher than 0.99, and were
degassed ultrasonically before each use.

2.2. Synthesis

N-methyl-2-hydroxyethylammonium butyrate was prepared according to a slightly modified
literature procedure (Alvarez et al., 2010); a quantity of hexanoic acid was added dropwise to a
quantity of 2-(methylamino)ethanol and cooled in an ice bath under nitrogen at a rate to maintain
the reaction temperature below 283.15 K, since the reaction is exothermic. After, the reaction
mixture was obtained, it was stirred at room temperature for additional 5 h and the progress of the
reaction was monitored by refractive index measurements. To reduce the water content (lower than
0.1 % mass fraction, determined using a 756 Karl Fisher titrator) the m-2-HEAH ionic liquid was
dried by heating to 343.15 K and stirring under high vacuum (7 Pa) for two days, always
immediately prior to their use. The ionic liquid was kept in bottles with nitrogen gas.
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Table 1 shows a comparison between experimental and literature density data of the pure
components at 298.15 K, but not for the m-2-HEAH why is a new ionic liquid.

Table 1. Density of pure compounds at 298.15 K.

3

Compound p (g cm ),

exp lit

methyl acetate 0.92682 | 0.9282"
ethyl acetate 0.89490 | 0.8928"
propyl acetate 0.88261 | 0.8823"
m-2-HEAH 0.99417 -
*Sarkar and Roy (2009)

2.3. Apparatus and procedure

Samples were prepared by introducing with a syringe known masses of the pure liquids into
stoppered bottles, in an inert-atmosphere glove box, using a Mettler AX-205 Delta Range analytical
balance, with a precision of + 10* g. A glove box was used because the ionic liquid is moisture
sensitive. Densities were measured using an Anton Paar DMA 4000 digital vibrating-tube
densimeter. The repeatability and the uncertainty in experimental measurement have been found to
be lower than + 5x10°® gem™ for the density. The DMA 4000 automatically corrects the influence
of viscosity on the measured density.

Refractive indices were determined using an automatic refractometer Mettler Toledo D4 with
a resolution of + 10™ and an uncertainty in the experimental measurements of + 2x10™.

3. Modeling
3.1. Properties

The density and refractive index for the mixtures were correlated by:

i=0\ \ j=0

P q S
z=) [ZBUTJJx{_l (1)
where Z is the density or refractive index of the mixture, x; is the mole fraction of the solvent, p and

q are the polynomial degrees, B;; are the fitting parameters, and 7 is the absolute temperature.

The excess molar volumes (V) and deviations in the refractive index (np) were calculated
from experimental values as follows:

U 1 1
V = inMi(___J (2)

i=1 p pi

N
i=1
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where N is the number of compounds in the mixture, x; is mole fraction; M; denotes molar mass; p;
is the density of the pure compound i, p is the density of the mixture, np and np; are the refractive
index of the mixture and the refractive index of the pure components, respectively. These derived
properties were fitted to a Redlich-Kister-type equation:

0= xlxzzp:[(g C,T’ J(x1 —x, )’) (4)

i=0
where Q is V¥ or dnp, Cj; are the fitting parameters and the other variables are the same as above.

The apparent molar volume (@) for the mixtures contend m-2-HEAH were calculated by:

y :1000(_/?1—/?}& )
mp,p P

where p is the density of the mixture, p; is the density of the solvent, M is the molar mass of ionic
liquid, m is the molality of the solution. These derived values were correlated by a modified
Redlich—-Mayer equation, where the fitting parameters show temperature dependence:

9 =(i¢£jT J*Z[(&f ij} (©6)

where @ and ¢>,-J-F are fitting parameters.

The thermal expansion coefficient (ap) shows the temperature dependence of volume, and it
is defined as:

1(aoV dlnp
= — — = — —— 7
o v(aTjP ( or jp 2

3.2. VLE

The most common method used for the correlation of phase equilibria in mixtures at high and
low pressure is the use of equations of state (EoS). The most common and industrially important
EoS are the cubic equations derived from van der Waals EoS; among these, the Peng—Robinson
EoS (Peng and Robinson, 1976) has proven to combine the simplicity and accuracy required for the
prediction and correlation of volumetric and thermodynamic properties of fluids, although there can
be problems when applying the PR EoS to systems near the critical point.

Recently, Alvarez and Aznar (2008a, 2008b) applied an extension of this approach to several
supercritical fluid + ionic liquid systems, using the Peng—Robinson equation of state coupled with
the Wong—Sandler mixing rule (Wong and Sandler, 1992) using the UNIQUAC or NRTL model
(Abrams and Prausnitz, 1975) for the excess Gibbs free energy, G*, using three or four adjustable
parameters, respectively. In addition, by using the Wong-Sandler mixing rule, any cubic EoS can be
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made predictive for mixtures, i.e., without the need of any adjustable binary interaction parameter,
when a predictive model for G* is used. For example, G* can be determined from the COSMO-SAC
model (Lin and Sandler, 2002), in which the activity coefficient y; of species i is calculated from the
sum of the residual and combinatorial contributions:

Iny, =Iny* +Iny " @)

The residual part is calculated from a consideration of molecular solvation in a perfect
conductor. The distribution of screening charges on the molecular surface, called the sigma profile
p(o), is first determined from quantum mechanical calculations. The molecular interactions in the
liquid phase are assumed to be the sum of contributions of surface segment interactions through the
screening charges. With these assumptions, the residual term takes the following form:

Iny® =nY p,(o,)n[y(c,)-T,(0,)] )

where n; is the number of surface segments contained in species i, ['s(¢) is the activity coefficient
of segment i (whose screening charge density is ¢) in solution S (for which the probability of
finding a segment of charge density ¢ be denoted ps(o):

-A
InT(c,)= —ln{z ps(c I (0, )exp{%}} (10)

where W(a,,, g,) is the electrostatic interaction between two segments of charge density o, and o,.
The Staverman—Guggenheim model is used for the combinatorial term:

o 2] D
ln .cnm:h.l_l+_ .ln—’+l»'_l l 11
v x 2q, D, i X, ;xj J (1)
® = X, g = q,%i (12)
erxj qu'xj
F j
L =(2/2)(r,—q,)~(r, ~1) 4

where 6; is the surface area fraction, @; is the volume fraction, z is the coordination number (z=10),
and r; and g; are the normalized volume and surface area parameters for species i.

3.3. Density predictions

The calculation of the molar volume of the mixture at a specific temperature and pressure can
be predicted by an equation of state. The Peng-Robinson equation of state, coupled with the Wong-
Sandler mixing rule using the predictive liquid activity coefficient model COSMO-SAC was used
as thermodynamic model to predict the density and VLE. The Peng-Robinson equation can be
written in terms of the compressibility factor (Z) by:
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Z3-(1-B)Z*+(A-3B*>-2B)Z-(AB-B>-B*)=0 (14)

where A and B are given by:

a P
A: m 15
(RT)? (15)

b P
_ % 16
RT (16)

where the constants a, and b, are expressed as functions of the concentration of the different
components in the mixture, through the so-called mixing rules. In this work, the Wong-Sandler
mixing rules are used:

ZZx,.xj(b—al

b 17
. - z AF (17)
b RT QRT
xa. AEf
a,=b,| > "y e 18
m H‘l{z bll Q} ( )
a (bii+b (1 k ) a;a;
po ) - v (19)
RT i 2 RT

In these equations, k;; is the adjustable interaction parameter, Q = ln(\/ 2-1)/ 2 for the PR EoS,
and A’ the excess Helmholtz free energy at the limit of infinite pressure, is calculated using the
COSMO-SAC, activity coefficient model, and a; and b;; are the EoS constants, defined as

a, =0.457235(RT. /P |1+ F(Ll-T°%)], F =0.37464+1.54226—0.26992¢5° (20)

b, =0.077796(RT./P.) Q1)

where T, is the reduced temperature, 7 is the critical temperature, P, is the critical pressure, and @
is the Pitzer acentric factor.

Equation 14 yields one or three real roots, depending on the number of phases in the system.
It was shown that this model provides an excellent representation of the vapor-liquid experimental
data (Alvarez and Aznar, 2008). However, an equation of state does not necessarily yield the
accurate volumetric behavior of fluids and their mixtures. In order to improve the description of
liquid densities, a volume translation is ued (Peneloux et al., 1982, Loria et al., 2009). Then, for the
prediction of the liquid density, the root of interest in Equation (14) is the smallest positive one.
Then, the difference between the volume calculated by the thermodynamic model and the
experimental volume for pure compounds, can be defined:
Av,=V. =V,

i,exp i,cal

(22)
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where V; ., is the molar volume of the compound i calculated by the thermodynamic model, and
Viexp 1s the experimental molar volume of the compound i. Then, the volume of the mixture is
obtained using the correction of the volume applied by

V., + ZAV X, (23)

where x; is the liquid molar fraction of the pure compound i, V., is the liquid molar volume of the
mixture calculated with the thermodynamic model, and V is the predicted corrected molar volume
of the mixture.

3.4. Computation details

For each system, the VLE phase diagram is predicted by using the Peng-Robinson EoS with
the Wong-Sandler/COSMO-SAC mixing rule. For a given liquid phase composition, the bubble
point pressure calculation, as detailed by Michelsen and Mollerup (2007), is performed to obtain the
system pressure and the vapor phase compositions. In order to make the models predictive, the
binary interaction parameters k;; in the combining rules are set to zero.

In the COSMO model, for each compound, the equilibrium molecular geometry is first
determined by minimization of the molecular energy at 0 K. The next step for COSMO-SAC
calculation is to estimate the volume of cavity (Vcosmo), the total number of segments (COSMO
Segments), and the sigma profile of each compound. In this step, a solvation calculation in a perfect
conductor was performed using the equilibrium geometry to obtain the surface screening charges on
the compound. These calculations were done using the quantum chemistry package DMol3 built in
Accelrys Materials Studio v4.3. The sigma profile, p(c), is a file containing the probability of
finding a surface segment with screening charge density, 6. The detailed settings for DMol3 can be
found elsewhere (Mullins et al., 2006). The molecular description of the ionic liquid was obtained
using the ion-pair approach (Diedenhofen and Klamt, 2010). Therefore, the sigma profile of ionic
liquid has been obtained for the molecule as a whole. Note that, for each species, the quantum
mechanical part of this calculation, only has to be done once, irrespective of the temperature and the
composition of mixture required. The activity coefficient is then calculated (Mullins et al., 2006).

The absolute average error in pressure, vapor phase composition or density (F) from the
calculation is determined as:

Fexp
[AF|% = 1002‘ (24)

- F exp
i=

where N is the number of data point, superscripts exp and cal denote the values from experiment
and our calculation, respectively.

4. Parameter Estimation

In this work, the first approximation parameter estimation was performed using a genetic
algorithm code, mMyGA (Alvarez et al., 2008) using a whole interval search. After that, the fitting
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parameters were best tuned using a non-linear optimization algorithm based on the Marquardt
algorithm. The optimization used the minimization of the standard deviation (s) between
experimental and calculated values, defined as:

N (F _F )2 1/2
aPbe &

i=1

where N is the number of experimental points, m is the number of parameters in the curve fit, and
Fq and F,,, are the values of the property calculated by the model and obtained experimentally,
respectively.

5. Results and Discussion

The m-2-HEAH was synthetized and the 1D hydrogen spectrum is shown in Figure 2. The m-
2-HEAH ionic liquid shows completely solubility in water, methanol and ethanol, and it is not
soluble in some alkanes as n-octane and n-dodecane. The humidity of the ionic liquid was
determined by DL31 Karl Fischer titrator (Mettler Toledo) and shows moisture less than 600 + 50
ppm of H,O.
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Figure 2. 1D hydrogen spectrum for the m-2-HEAH ionic liquid.
5.1. Properties

Densities and excess molar volumes of the binary mixtures ester (1) + m-2-HEAH (2) at
298.15 K, and refractive indices and deviations in the refractive indices at atmospheric pressure (=
96 kPa) are listed in Tables 2 and 3, respectively. The complete data are presented in the supporting
information. Tables 4 and 5 contain the fitting parameters for these properties by Equation (1), and
Figures 3 and 4 show these properties as a function of composition and temperature. These figures
show a similar behavior for the three binary mixtures. The increase of the density is obtained by a
decrease of the temperature and an increase of the ionic liquid composition. In all figures, the open
points are the experimental data and the lines are the results for the model fitted. Figure 4 and
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Figure 5 show the experimental excess molar volume and deviations in the refractive index,
respectively, as well as the fitted curves for binary mixtures ester + m-2-HEAH. Table 5 contains
the fitting parameters for these properties. In Figure 4a we can observe that the excess molar
volumes show a minimum at x;= 0.6 for the methyl acetate +m-2-HEAH system and x,=0.5 for the
other two systems; besides, the systems present a maximum at x;=0.1. This minimum could be due
to hydrogen bonds between ester and ionic liquid. Also, Figure 4 shows that the increase of the
alkyl chain in the esters introduced in the ionic liquid structure results in considerable decrease in
the excess molar properties to more negative values, showing the polar effect of the molecules. In
other cases, the introduction of methyl acetate results in weak decrease of the excess molar
properties.

Table 2. Density and excess volume for the esters (1) + m-2-HEAH (2) at 298.15 K.

methyl acetate + m-2-HEAH | ethyl acetate + m-2-HEAH | propyl acetate + m-2-HEAH
x___plglem’) V- x__plgem’) V- X p(gem) V-
1.0000 0.92682  0.0000 |1.0000 0.89490 0.0000 | 1.000 0.88261  0.0000
09512 0.93435 -0.0116 [0.9499 0.90468 -0.0575|0.949 0.89302 -0.1664
09011 0.94120 -0.0295 [0.9017 0.91311 -0.0915| 0.898 0.90320 -0.3880
0.7999 0.95332 -0.1276 [0.8031 0.92828 -0.1543|0.804 0.92108 -0.8855
0.6976  0.96381 -0.3073 |0.7005 0.94277 -0.3603| 0.702 0.93554 -1.0104
0.5982 097163 -0.4118 [0.5971 0.95448 -0.4463|0.601 0.94877 -1.1677
0.5063 0.97700 -0.4092 [0.4946 0.96456 -0.5318|0.500 0.95995 -1.2307
0.4030 0.98215 -0.4090 [0.3986 0.97194 -0.4642|0.402 0.96850 -1.0791
0.3045 098615 -0.3761 [0.3111 0.97730 -0.2946 | 0.304 0.97404 -0.5347
0.2149 0.98890 -0.2733 {0.1973 0.98515 -0.3655|0.202 0.98082 -0.2537
0.1336  0.99073 -0.1101 [0.1039 0.98814 0.0868 | 0.109 0.98743 -0.1675
0.0512 0.99231 0.0721 {0.0719 0.99014 0.0459 | 0.045 0.99153 -0.0881
0.0000 0.99417  0.0000 [0.0000 0.99417 0.0000 | 0.000 0.99417  0.0000

Table 3. Refractive index and deviations for the systems esters (1) + m-2-HEAH(2) at 288.15 K.

methyl acetate + m-2-HEAH | ethyl acetate + m-2-HEAH | propyl acetate + m-2-HEAH
X7 np (SHD X] np §nD X7 np §nD
1.0000 1.3650 0.0000| 1.0000 1.3746 0.0000| 1.0000 1.3867 0.0000
09512 1.3750 0.0054| 0.9499 13836 0.0048| 0.9489 1.3938 0.0034
0.9011 1.3847 0.0104| 09017 13911 0.0081| 0.8978 1.4003 0.0061
0.7999 1.4017 0.0177| 0.8031 1.4041 0.0127| 0.8036 1.4110 0.0099
0.6976  1.4147 0.0210| 0.7005 1.4158 0.0156| 0.7024 1.4208 0.0123
0.5982  1.4252 0.0221| 0.5971 1.4255 0.0165| 0.6005 1.4290 0.0130
0.5063 1.4332 0.0213| 0.4946 1.4336 0.0159| 0.4999 1.4369 0.0136
0.4030 1.4402 0.0185| 0.3986 1.4405 0.0146| 0.4022 1.4428 0.0123
0.3045 1.4459 0.0149| 0.3111 1.4452 0.0118| 0.3040 1.4473 0.0097
0.2149 1.4516 0.0121| 0.1973 1.4519 0.0088| 0.2022 1.4533 0.0082
0.1336  1.4546 0.0073| 0.1039 1.4560 0.0050| 0.1089 1.4556 0.0036
0.0512 1.4582 0.0032| 0.0719 1.4566 0.0028| 0.0454 1.4578 0.0012
0.0000 1.4599 0.0000| 0.0000 1.4599 0.0000{ 0.0000 1.4599 0.0000
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Table 4. Fitting parameters and root mean square deviations for density and refractive index of

binary systems by equation (1).

Methyl acetate + m-2-HEAB Ethyl acetate + m-2-HEAB

Propyl aceate + m-2-HEAB

p/g cm?) np p/(g cm?) np p/(g cm?) np
By 1.202E+00  1.460E+00  1.185E+00 1.460E+00 1.141E+00  1.460E+00
By -6.963E-04 -6.042E-04 -2.793E-04
By -3.671E-09 -1.286E-07 -7.138E-07
By, -3.019E-01  -4.592E-02  3.224E-01 -4.311E-02  1.484E-01  -3.162E-02
B;, 2.073E-03 -1.635E-03 -3.783E-04
By, -3.832E-06 1.285E-06 -1.294E-06
By 1.263E+00  2.116E-02  -1.020E+00  1.876E-03  -6.373E-01  -1.604E-02
B,  -8.415E-03 4.521E-03 6.447E-04
By,  1.417E-05 -3.396E-06 6.135E-06
By, -1.704E+00  -7.043E-02  9.139E-01  -4.373E-02  1.060E+00  -2.511E-02
By,  1.152E-02 -3.159E-03 -1.963E-03
By, -2.018E-05 -8.589E-07 -7.515E-06
By  7.530E-01 -2.161E-01 -5.561E-01
By -5.070E-03 1.567E-04 1.250E-03
By 8.621E-06 2.241E-06 2.736E-06
s 2.2x10™ 4.5x10™* 3.4x10™ 4.1x10™* 6.0x10™ 4.5x10™*

p: density, By;: the fitting parameters of equation (1), s: standard deviation.

Table 5. Fitting parameters and root mean square deviations for excess molar volume and
deviations of refractive index of binary systems by equation (4).

Methyl acetate + m-2-HEAH

Ethyl acetate + m-2-HEAH

Propyl aceate + m-2-HEAH

VE/(cm® mol™) np VE/(cm® mol™) np VE/(cm® mol ™) np
Coo -1.265E+01 8.419E-02 -2.568E+00 6.384E-02 2.304E+01 5.326E-02
Co: 9.437E-02 3.713E-02 -1.527E-01
Coo -1.931E-04 -1.179E-04 1.983E-04
Cio 2.409E+00 3.790E-02 1.125E+02 2.010E-02 2.531E+02 9.716E-03
Ci -1.520E-02 -7.063E-01 1.698E+00
Cp, 2.106E-05 1.096E-03 -2.860E-03
Cao 8.068E+01 1.140E-02 -1.138E+02 1.043E-02 -1.666E+02 7.346E-04
Cyy -5.291E-01 5.490E-01 1.048E+00
Cr 8.670E-04 -5.528E-04 -1.568E-03
Cso -1.287E+02 -9.461E-03 -4.581E+02 8.477E-03 1.546E+03 1.226E-02
Cs: 8.537E-01 3.142E+00 -1.018E+01
Cs -1.355E-03 -5.296E-03 1.663E-02
Cao -9.571E+01 1.798E+02 3.940E+02
Cu 6.171E-01 9.179E-01 2.721E+00
Ca -9.544E-04 1.087E-03 4.633E-03
Cso 1.533E+02 4.165E+02 -2.018E+03
Cs, -1.039E+00 -3.043E+00 1.343E+01
Cs, 1.674E-03 5.383E-03 -2.218E-02
s 1.1x107 2.9x10* 4.0x107 3.0x10* 8.8x107 43x10™

V¥ excess molar volumes, C;;: the fitting parameters of equation (4), s: standard deviation.
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Figure 3. Density versus mole fraction and temperature, (a) methyl acetate + m-2-HEAH, (b) ethyl
acetate + m-2-HEAH, (c) propyl acetate + m-2-HEAH.
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Figure 4. Excess molar volume versus mole fraction and temperature, (a) methyl acetate + m-2-
HEAH, (b) ethyl acetate + m-2-HEAH, (c) propyl acetate + m-2-HEAH.
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Figure 5. Deviations in the refractive index. Methyl acetate(o), ethyl acetate (0), propyl
acetate (A), fitted values by the Redlich-Kister model (-).

Excess molar volumes are the results of the intermolecular interactions that are due to the
difference between the real and the ideal molar volumes. Sigmoidal-shaped curves have been
observed for these systems, it has been suggested that this shape results from two opposing effects.
The behavior in the IL rich region, the positive excess molar volumes may be attributed to the
breakdown of the hydrogen bonded structure of esther or IL. The behavior in the ester rich region,
the negative excess molar volumes may be attributed to the accommodation of the IL interstitially
in the hydrogen bonded structure of the esther (solvation of the IL). From the results the, V*, values
increase with the increase of the alkyl chain length in the esther.

From figure 4 can be seen that the curves are skewed to the esther-rich region. The skewing of
the curves is due to the size of the alkyl chain in the aldehyde, since methyl acetate has a smaller
alkyl chain, changes in VE is less pronounced. This trend in V® values can be attributed to an
increased interaction between IL and esther and to a stronger packing effect for the increase of the
alkyl chain.

The excess molar volumes become more negative as the temperature increases because the
kinetic energy of molecules also increases with temperature, which leads to a decrease in interaction
of the molecules (Zhong and Wang 2007).

In the systems, a large negative V* with a curve skewed to the esther-rich region can be
explained by occupation of the free volume or cavities in the open IL structure by the esther. The
observed V¥ values may be explained qualitatively as follows: the IL is partially self-associated in
the pure state and the degree of self-association may decrease when bit quantities of esther are
mixed. This may be due to dissociation of hydrogen-bonding interactions into the IL and into the
aldehyde. Additional quantity of esther, begin the ability of the esther molecules to fill up the
cavities in the loose IL structure, and conclude with the creation of new hydrogen-bonding
interactions IL-aldehyde. A decrease magnitude of V* reflects the new compact structure or the
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more efficient packing found in the mixture than in the pure compounds. The magnitude of the
contributions made by these different types of interactions will vary with the esther and the
composition of the mixture.

In Figure 5, the refractive index deviations are positive values for the three systems, and the
maximum lies at a mole fraction of approximately 0.65 for the methyl acetate + m-2-HEAH system
and at 0.6 for the other two systems. According to Nakata and Sakurai (1987) the sign of Jnp is
opposite to that of VEX if the behavior of the refractive index is not too non-linear between np; and
npz. In our mixtures this rule is truly fulfilled in all the cases.

Table 6. Fitting parameters and standard deviations for apparent molar volume of binary systems
by equation (6).
Methyl acetate + m-2-HEAH Ethyl acetate + m-2-HEAH Propyl aceate + m-2-HEAH

(gem?) (gem®) (gem?)
Ao 0.5000 0.5000 0.5000
A 2.991E-02 -4.992E-01 1.217E-01
As -2.978E-02 -4.996E-01 1.216E-01
Doo” 9.696E+00 -4.287E+04 5.961E+00
0ol -9.336E-02 2.817E+02 -3.641E-02
Do" 2.795E-04 -4.447E-01 1.780E-04
O1oF -6.171E+02 2.040E+04 3.442E+02
oF 1.028E+01 -1.401E+02 -3.236E+00
0 -4.410E-02 2.160E-01 2.725E-02
20 6.161E+02 2.235E+04 -3.446E+02
01 -1.027E+01 -1.407E+02 3.239E+00
0" 4.405E-02 2.274E-01 2.727E-02
o 1.482E+02 3.701E+02 1.584E+02
0! 1.713E-01 -1.329E+00 8.809E-02
R -1.141B-04 2.376E-03 -8.552E-06

s 0.1 0.6 0.6

@y: apparent molar volume, Ay, Aj, Ay, As, (I)ijF, FOO, FOI, F02: the fitting parameters of equation

(7), s: standard deviation between experimental and calculated values

The apparent molar volume data are given in the supplementary information. Table 6 contains
the fitting parameters for these properties. Figure 5 shows that the apparent molar volume, ¢V, rises
rapidly at low concentrations (below 20 mol/kg), while at higher concentrations is almost constant
(all three mixtures shown the same trend). Also, in the figures the properties increase with
temperature at all concentrations. The apparent molar volume is used to know an aggregation
behavior of the solutes in a wide variety of mixtures (Ruso et al., 2004). The behavior for esther
mixtures can be explained by the presence of aggregation species. Figure 6 shows the increase of
the concentration of m-2-HEAH at each isotherm, inducing the increase of ¢ due to solvation of
ions and breaking off the net structure of the solvent. Also, the curves of Figure 6 show that, as the
molality of m-2-HEAH is increased from pure solvent, the high packing of the solvent is the
dominant contributor, up to a critical concentration, in this point the quasi constant values of ¢y
reflects the attraction between the ionic pair of m-2-HEAH as the principal contributor.
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Figure 6. Apparent molar volume versus molality and temperature, (a) methyl acetate + m-2-
HEAH, (b) ethyl acetate + m-2-HEAH, (c) propyl acetate + m-2-HEAH.

The values for apparent molar volumes at infinite dilution ¢)0 v were obtained by extrapolation
at infinite dilution (m — 0), based on the extended Redlich-Mayer relation, Equation (6). The
values of 4/?0 vy for several temperatures are shown in Figure 7. This figure shows that the apparent
molar volume at infinite dilution for methyl acetate mixture is greater than other esters mixtures.
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The values for the thermal expansion coefficient are shown in the supplementary information
and the behavior is shown in Figure 8. The value deduced for o is particularly sensitive to the type
of mathematical function used to fit the density data. The fit can be done with a linear function;
however, subtle effects stem from the non-linear behavior of most fluids, and therefore a piece of
information may be lost. In these figures, the ionic liquid shows a stable value of thermal expansion
coefficient with the rise of temperature, a different behavior for binary mixtures and esters solvents.
This behavior shows a very polar attraction among the high ordering molecules of the ionic liquid.

1000 x op / K
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Figure 8. Thermal expansion coefficient versus mole fraction of the solvent and temperature, (a)
methyl acetate + m-2-HEAH, (b) ethyl aceate + m-2-HEAH, (c) propyl acetate + m-2-HEAH.

The methyl acetate mixture exhibit a higher thermal expansion than the others mixture. The
results also suggest that the presence of the alkyl chain length in the esther decreases the thermal
expansion coefficient. The presence of the alkyl chain seems to yield a smaller thermal expansion
coefficient even at high concentration of IL, the difference between a, for the binary mixtures being
about 10%.

5.2. Density predictions

Figure 9 compares the o-profile for m-2-HEAH, methyl acetate, ethyl acetate, and propyl
acetate compounds. The o-profile of these compounds can be qualitatively divided in three main
regions, which are separated in Figure 9 by two vertical lines located at the cutoff values for the
hydrogen bond donor (opp < -0.0084 e/A%) and acceptor (ogp > 0.0084 e/A?) group (Lin and
Sandler, 2002). For m-2-HEAH, the o-profile reveals to be broader than the c-profiles of the esters
solvents. Also, the o-profile of this ionic liquid is dominated by a huge peak of slightly negative
screening charge density at ¢ = -0.001, which is due to polarization of —CH,- groups by the
ammonium-hydrogen, hydroxyl-hydrogen and oxygen atoms. The two peaks about 0.009 and 0.012
corresponds to the negatively charged -COQO™ and lone pairs of the oxygen in the —OH groups,
respectively. Considering the high-polarity region oyg > 0.0084 e/A’, these groups can be
considered as hydrogen-bond acceptor groups (Lin and Sandler, 2002; Diedenhofen and Klamt,
2010). On the left hand side of the histogram, it can be observed two low peaks at values lower than
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the cutoff -0.0084 e/A% which are affected by the alkyl chain. These peaks are related to the
ammonium-hydrogen and hydroxyl-hydrogen; they may contribute to hydrogen bonds as donors.
Finally, the distribution of the charge densities around zero (-0.0084 e/A> < 6 < 0.0084 e/A%)
corresponds to the non-polar alkyl groups of the cation, being those for positive and negative signs
assigned to carbon and hydrogen atoms, respectively. Figure 9 shows that the higher number of
carbon atoms in alkyl chain implies the increasing of the area below each histogram of charge
densities around the non-polar area (methyl acetate < ethyl acetate < propyl acetate < m-2-HEAH).
In this way, the o-profile with high values at 6 = 0 show more repulsive interactions between polar
and non-polar segments, affecting the cohesive properties of the molecule. The same idea can be
applied to mixtures of compounds with very different o-profiles, i.e. the binary mixture propyl
acetate + m-2-HEAH is the more non ideal system studied here. Interestingly, it can be observed
high deviations of the predicted density for this binary system, showed in Figure 10. The physical
properties used in the model for all substances are reported in Table 7. The predictive results show
percentage average relative deviations for the mixtures of m-2-HEAH with methyl acetate, ethyl
acetate and propyl acetate are 1.3%, 1.3%, and 1.6%, respectively. This suggests that o-profile is an
adequate a priori parameter to characterize quantitatively the non-ideality of volumetric behavior.

Table 7. Properties of the substances used in the modeling
r q COSMO*®

) ) COSMO  § 3y ¢
Compound MM  Tc(K) Pc(MPa) w Segments \% (AY)
methyl acetate® 74.08  506.55 4.75 0.33126 8.61 5.08 459 97.0419
ethyl acetate * 88.11 523.30 3.88 0.36641 1091 6.18 571 117.9393
propyl acetate®  102.13  549.73 3.36 0.38890 13.21 7.19 676 139.8076
m-2-HEAH® 191.27 804.82 2.29 1.11210 26.68 12.76 1212 271.5216
“Diadem public (2000); "Valderrama and Robles (2007); “This work
40
35
30
f 25
©
= 20
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< 15
©
e 10
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-0.0252 -0.0168 -0.0084 0.0000 0.0084 0.0168 0.0252
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Figure 9. Sigma profiles employed for m-2-HEAH (— —), methyl acetate (—), ethyl acetate (---),
and propyl acetate (--). Note that, due to the definition as conductor screening charges,
electrostatically positive parts of the molecules have negative ¢ and vice versa.
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Figure 10. Comparison of experimental and PR-WS/COSMO-SAC model predicted values of
density ( g‘cm’3) for binary mixtures, methyl acetate + m-2-HEAH (0), ethyl acetate + m-2-HEAH
(o) and propyl acetate + m-2-HEAH (A) in the whole composition interval.
5.3. VLE data

The vapor-liquid equilibrium (VLE) phase diagrams of three binary mixtures covering a wide
range of temperature (313.15-403.15) K at 101.3 kPa are examined. The chosen systems have
strong interactions between the species (esters and ionic liquid).

In order to validate the technique, experimental vapor-liquid equilibrium data for the system
ethanol (1) + 1-ethyl-3-methylimidazolium ethylsulfate, [emim] [EtSO4] (2) were determined and
compared with published data from Calvar et al. (2008). This comparison is shown in Figure 11.
From the results in this figure, the experimental technique can be considered as validated and can be
used to determine the new experimental data involving m-2-HEAH.

VLE for the binary systems ester (1) + m-2-HEAH (2) have been determined at 101.3 kPa and
the results are summarized in Table 8. The parameters used in the thermodynamic model Peng-
Robinson EoS with the Wong-Sandler/COSMO-SAC mixing rule are reported in Table 7, and
applied for the prediction of VLE experimental data. The predicted results for the systems are
shown in Figure 12 and the percentage average relative deviations for the mixtures of m-2-HEAH
with methyl acetate, ethyl acetate and propyl acetate are 1.1%, 1.0%, and 0.6%, respectively. The
representation of the phase behavior has a good trend and the vapor phase, free of ionic liquid, is
correctly predicted.
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Table 8. Vapor liquid equilibria at 101.3 kPa for the binary systems m-2-HEAH.
X | TK x| | TK X | TK
Methyl acetate (1) + m-2- Ethyl acetate (1) + m-2- Propyl acetate (1) + m-2-
HEAH (2) HEAH (2) HEAH (2)

1.0000 330.1 1.0000 349.8 1.0000 374.0
0.9927 330.2 0.9604 350.3 0.9837 374.7
0.9876 330.4 0.9195 350.5 0.9630 374.7
0.8987 331.1 0.8734 3513 0.9162 374.8
0.8953 331.0 0.8223 351.8 0.8654 375.2
0.8729 331.3 0.7817 3525 0.8289 376.0
0.8149 331.8 0.7275 353.4 0.7989 376.9
0.8032 332.0 0.7263 353.4 0.7780 377.6
0.7751 332.2 0.7041 353.7 0.7660 378.1
0.7670 332.1 0.6705 354.6 0.7310 379.1
0.7634 332.2 0.6702 354.8 0.7237 379.2
0.7344 333.1 0.6431 355.6 0.7002 380.3
0.7130 333.6 0.6278 356.3 0.6948 380.9
0.6943 334.7 0.6143 356.7 0.6728 381.9
0.6379 335.9 0.5909 358.2 0.6350 383.7
0.6240 337.1 0.5862 359.1 0.6159 386.4
0.5834 340.3 0.5728 360.0 0.5849 389.4
0.5416 342.5 0.5660 360.3 0.5413 391.6
0.5241 344.1 0.5654 360.9 0.5198 394.8
0.4971 346.0 0.5451 361.9 0.4856 396.3
0.4867 347.3 0.5373 363.1 0.4419 401.1
0.5228 365.1 0.3935 406.0
0.5160 364.1 0.3444 410.0
0.4912 368.2 0.3243 411.2

0.4581 369.6

0.4447 371.5

0.4249 373.1
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Table 9. Details of the fitted results for the systems studied using the PR+WS/UNIQUAC or

PR+WS/NRTL models.
Model ki,' a A,‘,‘ A,‘,‘ %\ATI|
Methyl acetate (1) + m-2-HEAH (2).
NRTL 0,4180 0,5148 38413,7188 -2460,9375 0,06
UNIQUAC 0,5513 - -3078,2317 13298,9502 0,10
Ethyl acetate (1) + m-2-HEAH (2)
NRTL 0,4664 0,5341 -1186,5233 -2478,7903 0,12
UNIQUAC 0,6412 - -3361,8164 7130,1270 0,16
Propyl acetate (1) + m-2-HEAH (2).
NRTL -0,7133 0,2218 32111,6641 -2812,3711 0,16
UNIQUAC 0,5293 - -3427,6592 6317,1387 0,19
420
AN
RS
400 A 4
o Dop o
380 - S A fR - -
o DA AT s
%D e
2 e
~ > Sl e L
M N
Coom@m o
320 A
300 T T . T
0.0 0.2 0.4 0.6 0.8 1.0

X1
Figure 12. Temperature vs. composition of the ester. (0) methyl acetate (1) + m-2HEAH (2), (D)
ethyl acetate (1) + m-2HEAH(2), (A) propyl acetate (1) + m-2HEAH (2), and predicted values(-).

6. Conclusions

Density and refractive index of binary mixtures ester + N-methyl-2-hydroxyethylammonium
hexanoate have been measured at atmospheric pressure. Other properties, such as excess molar
volume and deviations in the refractive index were also calculated. The values of V* are negative at
high concentrations of ester and positive in the opposite case.

The Peng-Robinson equation of state coupled with the Wong-Sandler mixing rule using the
COSMO-SAC model was used to predict the density and vapor liquid equilibrium.

For the binary systems ester (methyl acetate, ethyl acetate or propyl acetate) + m-2-HEAH,
the predicted densities show deviations below than 1.6 %. COSMO-SAC is also revealed as a
valuable computational tool to describe the intermolecular interaction of systems containing m-2-
HEAH. In addition, the o-profile is suggested as a simple molecular parameter to characterize the
non ideality of the mixtures respect to volumetric properties.
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The vapor-liquid equilibrium of binary systems ester + m-2-HEAH at 101.3 kPa was
measured by a dynamic method. The experimental VLE data were predicted by the thermodynamic
model with deviations below than 1.1 %.
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4.2.2.3 Equilibrio liquido-vapor a altas pressoes

Um teste de consisténcia termodinimica (Alvarez e Aznar, 2008a; Alvarez e Aznar, 2009) foi
desenvolvido para sistemas com dados isotérmicos incompletos tipo PTxy. O teste € baseado na
equacdo de Gibbs-Duhem, e na equacdo de Estado de Peng-Robinson com a regra de mistura de
Wong-Sandler usando o modelo UNIQUAC ou NRTL para os coeficientes de atividade. Foi
mostrado que o modelo proporciona uma excelente representacido dos dados experimentais e o teste
de consisténcia consegue mostrar que os dados aqui relatados sdo termodinamicamente consistentes

ou inconsistentes.

A constante de Henry para os sistemas bindrios CO, + liquidos idnicos foi estimada pelo modelo
termodindmico utilizado no teste de consisténcia, usando uma aproximacio numérica da inclinagdo
limite quando a solubilidade se aproxima de zero. Logo foi obtida uma funcdo empirica que
relaciona a constante de Henry em func¢do da temperatura. Com essa correlagdo, pode ser calculada
a entropia parcial molar e a entalpia parcial molar da solucdo (Letcher, 2007), para relacionar o
efeito da temperatura sobre a solubilidade do CO,. A entalpia molar parcial de dissolucdo do gds
indica a forca de interagfo entre o gés e liquido i6nico, enquanto que a entropia molar parcial indica

a quantidade de ordem presente na mistura gas-liquido idnico.

A variacdo com a temperatura da solubilidade para os oito gases estudados, expressa na lei de
Henry, esta diretamente relacionada com as propriedades termodinamicas de solvatagdo que, no
caso dos solutos gasosos em baixas pressdes, é praticamente idéntica para as propriedades

termodindmicas da solu¢do (Hildebrand et al., 1970).

Como os dados de solubilidade obtidos sdo suficientemente precisos, as propriedades
termodindmicas de solvatacdo podem ser usadas para inferir sobre os mecanismos moleculares
relacionados com a solvatacdo do CO, em diferentes liquidos i0nicos. Essas propriedades fornecem
informacdes valiosas tanto sobre as interacdes soluto-solvente e sobre a estrutura molecular das
solugbes: a entalpia da solucdo estd intimamente relacionada com a ligagdo das interacdes
moleculares gas-liquido i06nico e a entropia de solvatagdo da indicagdes sobre a estrutura do
solvente molecular em torno do soluto. Os valores da energia de Gibbs, entalpia e entropia de

solvatagdo sdo apresentados na Tabela 4.7 para os CO; nos liquidos idnicos a 298,15 K.
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Tabela 4.7. Funcdes termodinamicas da solvatagdo do CO; nos liquidos i6nicos estudados.
Liquido i6nico MM AgvH  T:AgonS lt=208k  AsovG

g/mol  kJ/mol kJ/mol kJ/mol
[camim][Ac]” 198,26 -32,52 -23,82 -8,70
[cymim]*[TFA]" 252,23 -19,34 -22,70 3,36
[THTDP]'[Tf,N]" 764,00 -10,53 -12,42 1,89
[THTDP][CI]” 519,31 -17,80 -19,11 1,31
[comim] [TH,N] 391,31 -13,33 -16,52 3,19
[csmim]*[TH,N]” 433,39 -13,96 -16,60 2,64
[c;mim] [DCA] 205,26 -14,46 -13,07 -1,39
[c;mim] [TE,N] 419,36 -16,60 -18,63 2,03
m-2-HEAF 121,14 -18,28 -24,37 6,10
m-2-HEAA 135,16 -27,48 -30,28 2,81

Na Tabela 4.7 todas as entalpias de solvatagdo sdo negativas, isto corresponde a uma hidratagdo
exotérmica, com os maximos valores para [cqmim][Ac] e m-2-HEAA. Para a parte entrépica da
solvatagdo, todos os valores sdo negativos € com os maximos valores para m-2-HEAF e m-2-

HEAA.

O comportamento observado para a entalpia de solvatacdo, provavelmente, significa que as
interagdes solvente-soluto sdo de natureza diferente no liquido idnico com anion acetato. O mesmo
€ observado no caso da entropia de solvatacdo para o qual o comportamento ¢é diferente no caso de

liquidos i6nicos contento cdtion amonio.
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Application of a Thermodynamic Consistency Test to Binary Mixtures
Containing an lIonic Liquid

Victor H. Alvarez and Martin Aznar*

School of Chemical Engineering, State University of Campinas, UNICAMP. P.O. Box 6066, 13083-970, Campinas-SP,
Brazil

Abstract: A thermodynamic consistency test developed for high pressure binary vapor-liquid mixtures is applied to mix-
tures containing a supercritical solvent and an ionic liquid. Several authors have reported vapor-liquid equilibrium data on
the binary systems supercritical CO, + 1-butyl-3-methyl imidazolium hexafluorophosphate {{bmim][PF6]}, supercritical
CO, + 1-butyl-3-methyl imidazolium nitrate {[bmim][NOs]}, supercritical CO, + 1-butyl-3-methyl imidazolium tetra-
fluoroborate  {[bmim][BF4]} and supercritical CHF; + I-butyl-3-methyl imidazolium hexafluorophosphate
{[bmim][PF]}, but some of these data differ dramatically. The Peng-Robinson equation of state, coupled with the Wong-
Sandler mixing rules, has been used for modeling the vapor-liquid equilibrium of these binary mixtures. Then, the pro-
posed thermodynamic consistency test has been applied. The results show that the consistency test can be applied with

confidence, determining consistency or inconsistency of the experimental data.

INTRODUCTION

Recently, Blanchard ef al. [1], Pérez-Salado Kamps ef al.
[2], Liu et al. [3] Aki et al. [4], Shiflett and Yokozeki [5] and
Shariati et al. [6] measured the vapor-liquid equilibrium of
the binary system supercritical CO, + [bmim][PF6] at differ-
ent temperatures. In the same way, Blanchard er al. [1] and
AKki et al. [4] reported vapor-liquid equilibrium data for the
system supercritical CO, + [bmim][NOs]; Aki et al. [4],
Kroon et al. [7] and Shiflett and Yokozeki [5] studied the
system supercritical CO, + [bmim][BF,], while Shiflett and
Yokozeki [8] and Shariati et al. [6] presented data about the
system supercritical CHF; + [bmim][PFs]. All these data
show important discrepancies among the different sets. As
an example, all the data for the system CO, + [bmim][PFq] at
313.15 K are plotted in Fig. (1); it is easy to see the signifi-
cant discrepancies among the different data sets. Similar
results are obtained at the other temperatures.
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Fig. (1). Phase behavior for system supercritical CO,+[bmim[PFg]
at313.15K.
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These discrepancies are of course due to inaccuracies in
measuring experimental properties; this makes necessary to
test the inaccuracies inherent of such data. Although it is
difficult to be absolutely certain about the exactness of ex-
perimental data, it is possible to verify if such data satisfy the
Gibbs-Duhem equation, establishing if they are thermody-
namic consistent or inconsistent. Good reviews about consis-
tency tests are found in Raal and Mihlbauer [9] and Praus-
nitz et al. [10]. Jackson and Wilsak [11] analyzed several
consistency tests, mainly for complete high pressure VLE
data, that is, experimental PTxy data covering the entire con-
centration range in both phases; the authors conclude that
each test provides different information that, sometimes, can
bias the operator. Bertucco et al. [12] proposed a consistency
test applicable to isothermal, binary VLE data at moderate
and high pressures, also for the entire concentration range in
both phases. Valderrama and Alvarez [13] presented a new
method to test the thermodynamic consistency of incomplete
binary VLE data; that is, where PTxy data are not fully
available for the entire concentration range, and for low lig-
uid solute concentrations in the vapor phase (mole fractions
< 107). For these cases, the classic derivative or integral
methods are not applicable.

In these tests, the criteria on consistency are always sta-
tistical. But any of these tests still cannot decide whether the
underlying data are of high or bad quality. This depends on
inaccuracies in measuring experimental properties. The con-
sistency tests only can say if the data satisfy or not the ther-
modynamic constraints imposed by the Gibbs-Duhem equa-
tion.

In this work, an extension of the consistency test of Val-
derrama and Alvarez [13] is applied to four systems super-
critical fluid + ionic liquid; this test is useful when the data
do not cover the entire concentration range in liquid or gas
phase, that is, where PTxy data are not fully available for the
entire concentration range, and for low solute liquids con-
centrations in the vapor phase. So far, few attempts have
been done to treat binary mixtures as presented in this work.

2008 Bentham Science Publishers Ltd.
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The consistency test for binary gas-ionic liquid mixtures
proposed in this work can be considered as a modeling pro-
cedure and can be easily extended to other multicomponent
mixtures. In the method, a thermodynamic model that can
accurately fit the experimental data must be also used to ap-
ply the consistency test. The fitting of the experimental data
requires the calculation of some model parameters using a
defined objective function that must be optimized. The test
was first validated with the binary system CO, + n-butane,
and next applied to the binary systems CO, + [bmim][PFq],
CO, + [bmim][NO;], CO, + [bmim][BF,], and CHF; +
[bmim][PFg].

The binary mixtures selected for this study present some
interesting peculiarities that make them appropriate for the
thermodynamic test for binary mixtures that is presented
here. The ionic liquid themselves, [bmim][PF¢], [bmim]
[NOs] and [bmim][BF,], present very different physico-
chemical characteristics and properties, that determine dif-
ferent phase behavior. The [PF¢] anion was found to hydro-
lyze completely after addition of excess water at 100°C [14].
On the other hand, [bmim][NO;], as most nitrate salts, is
water-miscible, while [bmim][PFg] is not; ionic liquids with
the [BF,] anion may be miscible in water or not, depending
on the nature of the cation; specifically, [bmim][BF,] is mis-
cible in water. Table 1 presents some properties of the com-
ponents of the binary mixtures included in this work. In this
table, the critical properties for ionic liquids are from [15],
while the structural parameters r and q are from [16].

The mixtures studied also have some special characteris-
tics. For the binary mixtures CO, + ionic liquid, the
concentration of the ionic liquid in supercritical CO, is so
small that it could not be detected with experimental
equipment [1-7]. On the other hand, for the binary mixtures
CHF; + ionic liquid, the concentration of the ionic liquid in
supercritical CHF; is appreciable [6, 8].

For the systems CO, + [bmim][PF¢], CO, + [bmim][BF,]
and CHF; + [bmim][PF], Shariati ef al. [6] measured isop-
leths, i.e. lines at constant overall composition; therefore,
their VLE data are obtained by interpolation of the original
data. Several authors used different interpolated functions to
build a Px diagram [17, 18]. The interpolation method used
in this work is discussed in appendix A.

/ilvarez and Aznar

THERMODYNAMIC MODELING

The thermodynamic relationship used to analyze the ther-
modynamic consistency of experimental VLE data is the
Gibbs-Duhem equation. Once a thermodynamic model (such
an equation of state with appropriate mixing and combining
rules) accurately fit the data fulfilling the equality of fugaci-
ties required by the fundamental phase equilibrium equation,
that model is used to check that the Gibbs-Duhem equation
is also fulfilled. Once should notice that these two steps,
modeling of the data and the application of the Gibbs-
Duhem equation are independent, so that good modeling
does not guarantee consistency and that consistent data can-
not necessarily be well represented by a defined model. Re-
cently, Alvarez and Aznar [16] and Alvarez ef al. [19] pre-
sented some results for mixtures CO, + ionic liquid using the
Peng-Robinson [20] equation of state (EoS), and the results
showed good agreement with the experimental data. Redlich-
Kong type equations were also used by Shiflett and Yo-
kozeki [5].

The thermodynamic model used to fit the experimental
data must be also used to apply the consistency test. Then the
proposed test is a modeling procedure, similar to the Van
Ness-Byer-Gibbs test [21]. Once the model parameters are
determined and the calculated solubilities are within accept-
able limits of deviations, the Gibbs-Duhem equation is ap-
plied. The equations defining the consistency criteria for
binary mixtures have been presented by Valderrama and
Alvarez [13]. The development for binary mixtures contain-
ing ionic liquids has not been yet presented in the literature,
and is summarized as follows.

The test use the Peng-Robinson (PR) EoS with the
Wong-Sandler [22] mixing rule, coupled with the
UNIQUAC model [23] for the excess Gibbs free energy, as
the standard thermodynamic model in a bubble-point calcu-
lation; of course, other models could be used. The complete
model is described below:

RT a

P = )
V-b V(V+b)+b(V-b)

a=a,o(T) 2)

a, =0.457235QRT, /P, } 3)

Table 1.  Properties of Compounds Used in This Work

Components M (g/mol) T.(K)** P.(MPa)** o™ r q
carbon dioxide 44.01° 304.21° 7.383° 0.2236" 3.26° 2.39°
fluoroform 70.01° 299.01° 4.816" 0.2642° 436 3.19°
n-butane 284.18° 708.9¢ 0.7553¢ 24.01° 15.16°
[bmim][PFy] 226.02° 632.3° 0.8489° 21.75¢ 14.08°
[bmim][BF,] 201.22° 946.3° 0.6039° 21.09° 13.70°
[bmim][NOs] 44.01° 304.21° 7.383° 0.2236° 3.26° 2.39°

*Diadem Public[31], *Alvarez and Aznar [16], *Valderrama and Robles [15], ‘this work.
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b =0.077796(RT, /P, ) (4)
) =1+ F(1-1%)]° 5)
F = 037464 +1.542260) - 0.269920 (6)

where T, is the reduced temperature, T, is the critical tem-
perature, P, is the critical pressure, R is the gas constant, and
w is the acentric factor. For mixtures:

_RT
V-by,

m

"V(V+b,)+b, (V-b,)

™

The mixture constants a, and b, are expressed by the
Wong-Sandler (WS) mixing rules:

e

by = ®)
_EbRT_QRT
Xiai AE
=bm[ET+E )
b bi+by) -k, w0
RT ;2 RT

where Q= ln(ﬁ —1)/ V2 for PR EoS, x is the molar fraction,

A.F is the excess Helmholtz energy at infinite pressure and
ki; is a binary interaction parameter.

The excess Helmholtz energy at infinite pressure A" can
be approximated by the excess Gibbs energy at zero pressure
G.F [24], and the latter can be expressed by the UNIQUAC
model [23] as:

G® = Gomb * Gres (1n
C"mb Ex ln—+ qu ln (12)
¢1
GE
res __qux ln[zej‘tji] (13)
]
* X
P, =1 14
T (14)
i
qiXi
(L (15)
DA
i
Tjj = €xp % (16)

where Aj and Aj; represent the interaction energy between
molecules i and j. ®; and 6' are the volume and surface area
fractions, z is the coordination number (z = 10), and r and q
are the structural parameters for the volume and surface area.
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For the modeling, the relative deviations in the pressure and
solute concentration in the gas phase for data point “i” are
defined as:

%AP; =100(P" - PEP) /PSP (17)

%Ay, = 100[(5" - 5*)/ 5] (18)

The proposed test uses the Gibbs-Duhem equation ex-
pressed in the integral form:

(1-y;) d¢y +f 1 d,
Yz(Z D¢ “(Z-1) ¢,

19
PYZ (1)

where P is the pressure of the system, y, is the mole fraction
of the ionic liquid in the gas phase, ¢; and ¢, are the fugacity
coefficients of the component 1 and 2 in the gas phase, and Z
is the compressibility factor. Both sides of this equation are
denoted as follows:

Ap = f—dP (20)
(1-y,) d¢ 1 d¢,

A, = 21

vz e Tz @

The values for Ap are obtained with experimental Py,
data, while the values for A, are obtained with calculated
values of Z, ¢; and y,. Thus, for one data set to be considered
as consistent, A, and Ap should be similar within acceptable
deviations. In order to define the acceptable deviations, an
individual percent area deviation (%AA;) between the A, and
Ap values can be defined as:

BAA, =100[(A, - A/ A, (22)
This is the parameter that determines the consistency of
the data set.

The method implies the minimization of the deviations,
Eqgs. (20), (21) and (22), where the experimental values of
concentration of ionic liquid in the gas phase (y,) are needed;
however, since these concentrations are almost negligible, its
measurement is difficult [6]; this is the basis for the physical
criterion for values of y,, and this value can be lesser than
10? with an experimental uncertainties of 10, These values
are empirically based in different experimental results for
solubility of solids in gas. Therefore, the consistency test
presented here use values for y, calculated through the bub-
ble pressure calculation, restricted only for values not well
detected with equipments to be used as physically significant
values in Eqs. (18) and (19). As a comparison, Banerjee et
al. [25] predicted yg,i4 values in the range 0.99-1.00.

The objective function for the consistency test includes a
minimization of deviations in VLE data, and the integral
areas (%AA;). The inclusion of vapor concentrations in the
objective function allows low deviations in pressure and pre-
dicts true physical concentrations in the vapor phase [13].
Then the consistency of VLE data set is tested by the objec-
tive function, OF,
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2
N-[A, -A
OF = P "¢
21| Oa i
(23)
N Pcal chp N

Yﬂuld

) E

where N is the number of data points, P is the pressure, yayig
is the vapor mole fraction of the supercritical fluid for data
point i, the superscripts “exp” and “cal” refers to the experi-
mental and calculated values respectively, and o, op and oy
are the standard deviations of the measured quantities. For
simplification, the experimental uncertainties (or interpola-
tlon errors) of the pressure data were used for op, the value
107 (or 10™ when there are dew point data) for oy and the
value of Ap for 0. Equation (23) was used to put a reason-
able weight on the measured quantities according to their
experimental accuracy. The accepted deviation defined by
%AP < 10 is used as constraint for every data point in the
minimization method. The minimization method was per-
formed using a genetic algorithm code, implemented and
fully explained in Alvarez ez al. [19].

There are three possible answers for the consistency test:
(i) the data are thermodynamically consistent (TC); (ii) the
data are not fully consistent (NFC); and (iii) the data are
thermodynamically inconsistent (TI). When individual pres-
sure and area deviations are greater than a defined limit, the
worst data point is eliminated and the remaining data set is
analyzed. If this data set passes the test, the conclusion is
that the original data are not fully consistent and the remain-
ing data set is thermodynamically consistent.

These intervals defined for consistency criteria are based
on information presented in the literature related to the accu-
racy of experimental data for this type of mixtures (ionic
liquids, solids and heavy alkanes dissolved in a high pressure
gas) and on the criteria used by Valderrama and Alvarez
[13]. In order to analyze the limits for consistency criteria,
calculations of error propagation on the measured experi-
mental data have been performed by using the general equa-
tion of error propagation [26], with the liquid phase mole
fraction, the temperature and the interaction parameters as
the independent measured variables. The calculated individ-
ual area A, evaluated using two consecutive points, is the
dependent variable. The error (EA) and the percent error
(%AEA) in the calculated area are:

dAy aA¢ A,
EA =—Ax + AT + Akl]
[ aT Bku
(24)
0A, 0A,
+H—|AA +——AA;
IAj; ji
%AEA =100EA/ A, (25)

In this work, there were admitted maximum uncertainties
of 0.005 for the experimental liquid phase mole fraction, 0.5
K for the temperature, and 1% for each interaction parame-
ter. The error propagation was refined because the interac-
tion parameters were used as independent variables. The
partial derivatives in Eq. (19) were numerically calculated
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for several mixtures, giving a direct relationship between the
estimated percent errors %EA and the relative percent devia-
tions of the pressure %AP. For a thermodynamically consis-
tent data, a VLE fit yields minimal deviations in the individ-
ual areas; a %AP; below that 5% yields %AA; below that
10% and a %AP; between 5% up to 10% yields %AA; below
that 20%. Over these limits, the experimental data has high
chance to be thermodynamically inconsistent. These limits
defined for the consistency criterion produce randomly dis-
tributed deviations on VLE.

Then, according the study on error propagation studied
and the observations by Valderrama and Alvarez [13], the
maximum deviation must be within the range —20% to +20%
for %AA; and —10 to +10 for %AP;. Of course, these limits
are not strict. When only one data point is slightly out of
limits, the data set can be consider thermodynamic consis-
tent. However, if several data points are out of limits, there is
an evident tendency of inconsistency. The rule of thumb for
remove bad data points is: (i) data point with %AP; > 10 and
%AA; > 20; (ii) data point with %AA; > 20; (iii) data point
with %AP; < 5 and %AA; > 10.

This procedure is applied when there are less than 50%
of the individual areas with deviations in the limits defined.
If it is not the case, the data set is considered thermodynami-
cally inconsistent. The empirical value of 50% is based in
robust regression theory, which says that more than 50% of
spurious data destroy the tendency of data, showing that the
data have systematic experimental error [27]. When the
thermodynamic model cannot fit more than 30% of data
points in the data set within the limits defined for individual
pressure and ionic liquid concentration in the gas phase, an-
other thermodynamic model should be used.

RESULTS

Twenty-eight isotherms for five binary mixtures were
chosen to show the application of the proposed thermody-
namic consistency test. The mixtures were carefully selected
so that several phase behavior and features of the test could
be emphasized.

In the discussion below, the difference between experi-
mental and calculated values is calculated as the average
percent deviation, expressed in absolute form [28], as fol-
lows:

P'cal _peXP
i i

{aP| = %g (26)

7]

exp

~ Y2 27

%|Ay2|__zﬂy2cal Iy exp]

The physical properties for all substances are shown in
Table 1, where the structural parameters r and q were calcu-
lated according to [16]. Tables 2-5 show all the experimental
data. In Table 2 and Fig. (1), for the CO, + [bmim][PF] sys-
tem, the data determined by Blanchard et al. [1], Liu et al.
[3] and AKki et al. [4] show greater deviations from the data
by Pérez-Salado Kamps et al. [2] or Shariati et al [6]; the
discrepancies become even more significant with increasing
pressure at constant temperature. In Table 3, for the system
CO, + [bmim][NOs], the data by Blanchard ef al. [1] present
a lower solubility of CO, than those by Aki er al. [4]. In
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Table 4, for the system CO, + [bmim][BF,], the data by Aki
et al. [4] show greater deviations from the data by Kroon et
al. [7] or Shiflett and Yokozeki [5]. In Table 5, for the sys-
tem CHF; + [bmim][PFg], the data by Shariati ef al. [6] and
Shiflett and Yokozeki [8] show the same values in the same
pressure range, but the work by Shariati et al. [6] presents
data with high pressures. All these discrepancies can be
mainly attributed to the different experimental techniques
used to measure the solubility, to ionic liquid impurities, and
also to ionic liquid degradation [14]. Besides, it is important
to note that some of the data from Shariati et al. [6] show
liquid-liquid-vapor boundaries; consequently, it is to be ex-
pected that this phenomenon highly affects the quality of
their vapor-liquid representation in this region of the phase
diagram. This complex phase behavior could be the cause for
the apparent inconsistencies in the data.
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points, the remaining data set was considered thermody-
namically consistent. The results are shown in Table 6. As
expected, the original data set was found to be not fully con-
sistent, since the last two points give an area deviation out-
side the defined range (bold and italic type in Table 6). After
removing these points, the model fitted the remaining data
set with %|AP| = 0.2 and %|Ay,| = 2.1, and the data set was
regarded thermodynamically consistent. In this way, the
model predicts consistently the concentrations y,, and yield
results that confirm those obtained by other authors. In this
calculation, the proposed method shows characteristics of a
robust regression [28], since the y, predicted is correct and
outlying points do not have a great influence on the tendency
of the bulk data. The data from Blanchard et al. [1], which
were discarded in a later work by the same authors, was used
as a test for the proposed method, which correctly indicated
that this data set was thermodynamically inconsistent.

Table 2. Different Reports of VLE for the Supercritical CO,
(1) + [bmim|[PFg¢] (2) System Table 3. Different Reports of VLE for the Supercritical CO,
P P
(1) + [bmim][NO;] (2) System
NP Range of Data
Ref NP Range of Data
T (K) P (MPa) X1 Ref
T (K) P (MPa) X
8 313.15 0.8-52.7 0.1-0.7
7 313.15 1.5-9.2 0.2-0.5
8 323.15 0.9-58.7 0.1-0.7 51 [
T 333.15 1.8-9.3 0.2-0.5
8 333.15 1.1-64.0 0.1-0.7
6 313.15 1.3:93 0.1-0.5
7 313.15 0.1-9.5 0.02-0.6 [4]
2] 6 333.1 13-89 0.07-0.4
10 333.15 0.4-9.2 0.04-0.5
7 313.15 1.5-9.6 0.2-0.7
7 123.15 17-92 0.2-0.7 [ Table4. Different Reports of VLE for the Supercritical CO,
(1) + [bmim][BF,] (2) System
7 333.15 1.6-9.3 0.2-0.7
13 313.15 0.9-10.9 0.1-0.6 NP Ralige ofDat
10 323.15 06-116 0.1-06 3] Rt
T (K) P (MPa) X
9 333.15 1.5-12.9 0.2-0.6
5 298.15 1.2-5.1 0.2-0.5 4
9 323.15 0.01-2.0 0.002-0.2 [5] 4]
9 3133 20-14.6 0306 5 298.15 0.7-4.8 0.1-0.5 [7]
: ——— o e 9 298.15 0.01-2.0 0.002-0.28 5]
(4]
6 313.3 @0 1.4-8.5 0.2-0.6
8 3333 17-132 0.2-0.6 Table5. Different Reports of VLE for the Supercritical CHF;
(1) + [bmim][PF] (2) System
The test was applied with the objective function (Eq. 23), NP R Dat
the uncertainty for pressure, op = 0.05% and the uncertainty SUEEOUBA .
for concentration in the gas phase, o, = 0.001. The concen- Re
trations y, were calculated through the bubble point and used T(X) P (MPa) 4 N
for Ap and A,. The mixture CO, + n-butane was already ex-
amined by Bertucco et al. [12] and Valderrama and Alvarez 9 323 0.05-20 | 0.005-0.2 - [5]
[13], and has been used here to validate the proposed 9 348 00120 | 0.001-02 B
method. Both papers used the experimental y, value. For
these authors, the original data set is not fully consistent. In 12 323 0.8-26.2 0.1-09 | 0.956-0.99 -
th§ analy51s of Valderrama and. Alvarez [13], the' last two 12 348 L1370 0.1.00 | 0.956-0.99
points give %AA; out of the limits; after removing these
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Table 6. Detailed Results for System Supercritical CO, (1) + n-Butane (2) at 344.26 K from [31]

Ap A, %AA; per p %AP y:*P ¥ %Ay, Xi

(18 data points) k; = 0.1600, Ajy = 593.459, Ay = 1735.860, |AP|(%) = 0.2, |Ays|(%) = 2.1

0.20 0.22 6.63 0.862 0.856 -0.78 0.970 0.975 0.55 0.002
0.20 0.20 -1.49 1.035 1.039 0.40 0.827 0.825 -0.23 0.017
0.20 0.19 -1.71 1.207 1.209 (i g 0.723 0.724 0.15 0.031
0.38 0.38 1.00 1379 1.378 -0.06 0.645 0.647 0.34 0.045
0.37 0.37 -0.06 1.724 1.927 0.19 0.538 0.535 -0.59 0.074
0.36 0.35 -1.19 2.068 2.072 0.20 0.464 0.460 -0.87 0.103
0.35 0.35 1.51 2414 2414 0.03 0.408 0.407 -0.33 0.132
0.34 0.34 0.36 2758 2.765 0.24 0.365 0.366 0.21 0.162
0.33 0.33 -0.67 3.103 3.112 0.29 0.332 0333 0.77 0.192
0.63 0.62 -0.79 3.447 3455 0.23 0.306 0.310 1.33 0.222
0.59 0.58 -1.11 4.137 4.142 0.11 0.268 0.274 2.28 0.283
0.55 0.55 -0.45 4.826 4.824 -0.05 0.246 0.250 1.57 0.345
0.52 0.51 -1.48 5.516 5.510 -0.11 0.230 0.233 1.39 0.409
0.48 0.48 0.55 6.205 6.188 -0.28 0.220 0.223 1.16 0.474
0.44 0.45 1.92 6.895 6.880 -0.22 0.216 0.217 0.56 0.543
0.20 0.21 3.60 7.584 7.581 -0.04 0.222 0.219 -1.24 0.618
0.13 0.25 101.06" 7.930 981 0.09 0.242 0.226 -6.58 0.661

8.164 8.240 0.94 0.287 0.238 -17.15° 0.713

(17 data points) ky = 0.1701, Ajy = 272.129, Ay = 1997.902, |AP|(%) = 0.3, |Ay2|(%) = 1.4

0.20 0.22 7.08 0.862 0.856 -0.76 0.970 0.975 0.53 0.002
0.20 0.20 -1.27 1.035 1.040 0.49 0.827 0.824 031 0.017
0.20 0.19 -1.63 1.207 1.210 0.30 0.723 0.723 0.03 0.031
0.38 0.38 0.91 1379 1.380 0.08 0.645 0.646 0.20 0.045
0.37 0.37 -0.31 1.724 1.729 0.31 0.538 0.534 0.76 0.074
0.36 0.35 -1.55 2.068 2.074 0.28 0.464 0.459 1.06 0.103
0.35 0.35 1.07 2414 2415 0.05 0.408 0.406 0.54 0.132
0.34 0.34 -0.10 2758 2.764 0.20 0.365 0.365 0.04 0.162
0.33 0.33 -1.11 3.103 3.109 0.20 0.332 0.334 0.47 0.192
0.63 0.62 -1.12 3.447 3.450 0.09 0.306 0.309 0.96 0.222
0.59 0.59 -1.16 4.137 4.133 -0.10 0.268 0273 1.71 0.283
0.56 0.56 -0.02 4.826 4.814 -0.26 0.246 0.248 0.72 0.345
0.53 0.52 -0.41 5.516 5.502 -0.26 0.230 0.230 0.17 0.409
0.49 0.50 251 6.205 6.186 -0.30 0.220 0.219 0.51 0.474
0.45 0.47 5:22 6.895 6.893 -0.04 0.216 0.212 1.68 0.543
0.21 0.22 8.27 7.584 7.619 0.45 0.222 0.213 4.18 0.618

7.930 7.995 0.82 0.242 0.218 9.85 0.661

*Out of limits data point. Shaded line: removed data point.

Table 7 presents results for the application of the test to stands for the supercritical fluid (CO, or CHF;) and 2 stands
the binary systems containing ionic liquid. In this table, NP for the ionic liquid. This table is divided in sections for each
is the number of data points, T is the temperature, kij, Aj» system studied.
and A, are the interaction parameter of the model, where 1
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Table7. Results of the Consistency Test Using PR+WS/UNIQUAC, with Estimated k;;, 4;, and 4,; Parameters
Reference NP T (K) kj Ay; kJ/kmol A, kJ/kmol |AP|(%) Result
CO, + [bmim][PFy]
8 313 0.3061 4562.630 -536.211 1.2 NFC/TC
[5] 8 323 0.3041 4367.418 -461.895 12 NFC/TC
8 333 0.3271 4631.519 -492.994 1.6 NFC/TC
7 313 0.5724 1532211 354.253 1.9 TC
. 10 333 0.6182 1976.688 245.462 0.4 TC
7 313 0.2888 130.813 1364.330 6.2 TI
[1] 7 23 0.2476 716.755 526.845 3.7 TI
7 333 0.2077 1896.333 -185.649 5.6 TI
13 313 0.4722 272.421 1333.819 33 TI
[3] 10 3 0.9987 -1686.089 3848.819 K ¥ TI
9 383 0.9999 -1296.043 2854.631 42 TI
[5] 9 323 0.5188 2135.729 144314 74 NFC/TC
9 313(first) 0.6469 -163.857 1570.101 8.5 TI
6 313(second) 0.3050 344.647 1430.118 3.6 TI
W 6 313(third) 0.3843 1301.887 431.109 83 TI
8 KEk] 0.8466 70.647 1434.796 32 TI
CO, + [bmim][NO;]
7 313 0.7307 737.260 244341 8.1 TI
. 7 333 0.2245 975.738 241.039 6.4 TI
6 313 0.0825 -441.908 2382.438 6.3 NFC/TC
“ 6 433 -0.4347 -724.243 3032.147 20 TI
CO; + [bmim][BF,]
[4] 5 298 0.9999 -1869.427 3969.204 25 TI
[7] 5 298 0.2832 2591.745 -140.975 i TC
[5] 9 298 0.4961 1249.692 298.008 3.1 TC
CHFy+ [bmim][PFq]
8 323 0.9522 -1985.123 3675.940 4.0 NFC/TC
& 9 348 0.9999 -1955.672 3669.472 7.8 NFC/TC
12 ¥ 0.4378 -1822.636 3604.477 7.9 NFC/TC
i 12 348 0.5651 -1723.135 3302.432 3.1 NFC/TC

TC: thermodynamically consistent; TI: thermodynamically inconsistent; NFC: not fully consistent.

More detailed results for the system CO, + [bmim][PF]
are shown in Tables 8 up to 12. These tables are divided in
two parts. The upper part shows the original data set, while
the lower part shows the remaining data after removing some
points. Each part shows the interaction parameters for the
thermodynamic model. Tables 8-10 show detailed results for
the data from Shariati et al. [6]. In Table 8, which presents
detailed results at 313.15 K, the upper part shows that these
data have deviations outside the established limits in the two
final values of %AA; (bold and italic type); the lower part
shows that, when one point from the original data set is

229

eliminated (the one with the highest area deviation, shaded in
the upper part), the deviations for the remaining seven points
are within the defined limits of —20% to +20%. Therefore,
the original set with eight data points is not fully consistent,
but a new set with the remaining seven points is thermody-
namically consistent; however, the last point has a high
probability to be inconsistent, because two %AP; < 5 yields
%AA; > 10. The same procedure is applied for the data at
323.15 and 333.15 K, as shown in Tables 9 and 10, respec-
tively; both of data sets are not fully consistent.
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Table8. Detailed Results for CO, + [bmim][PF¢] at 313.15 K from [5]
Ar Ao %AA, P P %AP ylcnl yzcal X
(8 data points) k; = 0.3061, Aj, = 4562.630, Ay = -536.211, |AP|(%) = 1.2
2434399 249882.6 2.6 0.78 0.77 -1.54 0.9999957 0.0000043 0.100
101610.3 99044.5 -2.5 1.74 1.75 0.50 0.9999972 0.0000028 0.203
179993.4 177695.2 -1.3 2.28 228 -0.16 0.9999973 0.0000027 0.250
58676.9 62042.6 5.7 3.71 3.69 -0.50 0.9999969 0.0000031 0.351
84064.8 91159.8 8.4 452 4.55 0.64 0.9999962 0.0000038 0.399
153996.2 178073.3 15.6" 691 7.20 422 0.9999882 0.0000118 0.501
234254.1 724645.2 209.3° 58l 24.92 -1.54 0.9999911 0.0000089 0.598
52.73 53.09 0.69 0.9999985 0.0000015 0.650
(7 data points) kjj = 0.2458, A1 =4189.500, A, = -429.368, |AP|(%) = 0.6
229858.0 2342483 1.9 0.78 0.77 -0.69 0.9999956 0.0000044 0.100
91395.4 88095.0 -3.6 1.74 1.75 0.86 0.9999970 0.0000030 0.203
154891.0 150069.9 -3.1 2.28 228 -0.09 0.9999970 0.0000030 0.250
47050.8 48479.4 3.0 371 3.67 -1.23 0.9999962 0.0000038 0.351
64467.2 66282.2 2.8 4.52 4.49 -0.61 0.9999951 0.0000049 0.399
92311.9 80323.9 -13.0° 6.91 6.97 0.82 0.9999833 0.0000167 0.501
2531 2532 0.05 0.9999711 0.0000289 0.598
*Out of limits data point. Shaded line: removed data point.
Tables 11 and 12 present detailed results for the data CONCLUSIONS

from Pérez-Salado Kamps et al. [2], at 313.15 and 333.15 K,
respectively; these data are thermodynamically consistent,
meaning that all the deviations are within the defined ranges,
-20% to 20%; however, in both tables the last point has a
high probability to be inconsistent, because the two %AP; <5
yields %AA; greater than 10. Tables 13 shows the detailed
results for the system CO, + [bmim][NOs]. The data from
Blanchard er al. [1] are thermodynamically inconsistent,
since more that 50% of %AA; showed deviations outside the
established limits. Table 14 shows the detailed results for the
system CO, + [bmim][BF,], at 298.15 K from Shiflett and
Yokozeki [5] are thermodynamic consistent; in this latter,
there is a high probability of inconsistency in the data point
x; = 0.002, because is the sole data point with %AP = 11.94,
slightly out of the limits. Tables 15 and 16 show the detailed
results for the system CHF; + [bmim][PF¢]. The data from
Shiflett and Yokozeki [8] and Shariati et al [6] are not fully
consistent. Table 16 shows that Shariati ef al. [6] report dew
point data, where ionic liquid exists in the gas phase. In this
table, y, is an interpolated value for the pressure and the
method predicts this concentration of ionic liquid with a de-
viation less than 3.5%.

A thermodynamic model, composed by the Peng-
Robinson EoS coupled with the Wong-Sandler/UNIQUAC
mixing rule, was used to accurately correlate experimental
vapor-liquid equilibrium data in binary systems containing
ionic liquids. The model was also able to predict the low
ionic liquid concentrations in the vapor phase. A thermody-
namic consistency test based on this model and on the
Gibbs-Duhem equation, that allows the analysis of individual
data points in a binary vapor-liquid equilibrium data set, i.e.,
to eliminate doubtful points, was proposed. The test was
applied to several data sets from literature involving three
ionic liquids and two supercritical solvents. For the system
CO; + [bmim][PF¢], only the original data sets from Pérez-
Salado Kamps ef al. [2] are thermodynamically consistent,
although the data from Shariati ef al. [6] must be considered
with care, since they show some liquid-liquid-vapor bounda-
ries, a complex phase behavior which could be the cause for
the apparent inconsistencies. For the system CO, +
[bmim][NOs], only the data from Aki et al. [4] at 313.15 are
not fully consistent. For the system CO, + [bmim][BF,], the
data sets from Kroon et al. [7] and Shiflett and Yokozeki [5]
are considered thermodynamically consistent. Finally, for the
system CHF; + [bmim][PF¢], all data sets are not fully con-
sistent.
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Table9. Detailed Results for CO, + [bmim][PF¢] at 323.15 K from [5]

Ap A, %AA; PP p %AP e v X

I

(8 data points) k; = 0.3041, A, = 4367.418, Ay = -461.895, |AP|(%) = 1.2

114652.3 1178453 28 0.93 091 -1.45 0.999991 0.000009 0.100
46947.9 448443 4.5 2.07 2.08 0.73 0.999994 0.000006 0.203
78068.5 77354.9 0.9 2.74 272 -0.47 0.999994 0.000006 0.250
24264.8 253113 43 4.46 444 -0.57 0.999992 0.000008 0.351
34438.9 36501.6 6.0 547 5.49 0.35 0.999990 0.000010 0.399
48309.7 66691.5 38.1° 8.70 9.01 3.56 0.999961 0.000039 0.501
97440.1 450648.4 362.5 29.24 28.75 -1.66 0.999981 0.000019 0.598

58.71 59.07 0.60 0.999997 0.000004 0.650

(7 data points) k; = 0.2523, A, = 3914.281, Ay = -327.957, |AP(%) = 0.6

108661.7 110901.9 2.1 0.93 0.92 -0.49 0.999991 0.000009 0.100
424224 40082.0 5.5 2.07 2.09 121 0.999993 0.000007 0.203
67612.6 65771.2 2.7 274 2.73 -0.28 0.999993 0.000007 0.250
19566.3 19897.7 1.7 4.46 441 -1.15 0.999991 0.000009 0.351
26508.9 26525.5 0.1 547 543 -0.76 0.999987 0.000013 0.399
26216.0 272049 3.8 8.70 8.70 0.04 0.999943 0.000058 0.501

29.24 29.24 0.00 0.999938 0.000062 0.598

*Out of limits data point. Shaded line: removed data point.

Table 10. Detailed Results for CO, + [bmim][PF¢] at 333.15 K from [5]

Ap Ay %AA; P pe! %AP e y Xi
(8 data points) k; = 03271, A = 4631.519, Ay = -492.994, [AP|(%) = 1.6

58678.7 60481.4 3.1 1.09 107 -1.99 0.999983 0.000017 0.100
23837.0 22818.6 -43 243 244 0.4 0.999988 0.000012 0.203
39136.6 392212 02 323 3.21 -0.71 0.999988 0.000012 0.250
121995 127713 47 529 5.28 0.22 0.999985 0.000015 0.351
192222 19988.9 40 6.53 6.59 0.83 0.999979 0.000021 0.399
413200 79219.8 9.7 10.94 1141 433 0.999931 0.000069 0.501
132303.0 1361502.8 929.1° 3457 3351 -3.08 0.999987 0.000013 0.598

64.04 6329 -1.16 0.999998 0.000002 0.650

(6 data points) k; = 0.9854, A, = -273.858, Ay, = 1824.747, |AP|(%) = 0.5

130003.7 132586.3 20 1.09 1.08 -0.40 0.9999895 0.0000105 0.100
87022.6 82412.2 -5.3 243 2.46 1.05 0.9999961 0.0000039 0.203
261518.7 262161.8 0.2 323 3.21 -0.47 0.9999973 0.0000027 0.250
185890.9 193607.5 42 5.29 5.26 -0.49 0.9999987 0.0000013 0.351
662853.3 663250.0 0.1 6.53 6.56 0.37 0.9999990 0.0000010 0.399

10.94 10.94 0.00 0.9999994 0.0000006 0.501

“Out of limits data point. Shaded line: removed data point.
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Table 11. Detailed Results for CO, + [bmim][PF¢] at 313.15 K from [2]
Ap A, %AA, per pel %AP i v %
(7 data points) kij = 0.5724, Aj, = 1532.211, Ay = 354.253, |AP|(%) = 1.9
4421173 429754.6 2.8 0.105 0.109 37 0.9999771 0.0000229 0.0156
454063.1 438556.3 34 1.292 1.286 0.5 0.9999976 0.0000024 0.1594
279632.6 283292.0 13 2.893 2814 2.7 0.9999986 0.0000014 0.2958
228775.9 235887.4 3.1 4242 4.150 22 0.9999987 0.0000013 0.3833
124000.5 121025.7 24 5.844 5.778 -1.1 0.9999984 0.0000016 0.4617
76344.5 90541.4 18.6° 7.293 7177 -1.6 0.9999978 0.0000022 0.5096
9.480 9.652 1.8 0.9999875 0.0000125 0.5551
*Out of limits data point.
Table 12. Detailed Results for CO, + [bmim][PF] at 333.15 K from [2]
Ap A, %AA; PP P %AP v o X;
(10 data points) k;; = 0.6182, A, = 1976.688, A, = 245.462, |AP|(%) = 0.4
88824.8 87849.8 -1.1 0.42 043 0.9 0.9999678 0.0000322 0.0423
64236.0 63659.3 -0.9 1.75 1.74 0.2 0.9999906 0.0000094 0.1527
41086.4 41740.7 1.6 2.89 2.87 -0.6 0.9999933 0.0000067 0.2286
32594.8 31931.7 2.0 3.73 3.73 -0.1 0.9999941 0.0000059 0.2773
47083.6 47903.2 1.7 4.49 447 0.5 0.9999944 0.0000056 0.3144
35797.3 35570.3 -0.6 5.81 5.81 0.0 0.9999945 0.0000055 0.3707
16312.0 16834.6 32 7.09 7.08 -0.1 0.9999942 0.0000058 0.4142
13887.2 12788.9 <19 7.82 7.84 0.2 0.9999937 0.0000063 0.4359
9750.2 11454.1 17.5° 8.56 8.52 -0.5 0.9999932 0.0000068 0.4532
9.18 9.25 0.7 0.9999923 0.0000077 0.4696
*Out of limits data point.
Table 13. Detailed Results for the CO, + [bmim][NO;] at 313.15 K from [1]
A A, %AA per pel %AP i v 5
(7 data points) kij = 0.7307, Ay, = 737.260, Ay = 244.341, |AP|(%) = 8.1
540231601.8 | 384832576.6 -28.8° 1.547 1.768 1431° 1.0 0.0 0.196
419272612.9 | 352823607.3 -15.8 2.905 2.792 -3.90 1.0 0.0 0.276
344310882.7 | 310156934.0 9.9 4263 3.862 -9.40 1.0 0.0 0.342
257814341.1 | 284461023.8 10.3 5.670 4.998 -11.85° 1.0 0.0 0.397
110543090.0 | 197680291.6 78.8" 7.118 6.424 -9.75 1.0 0.0 0.449
15815696.6 24430743.2 54.5° 8.372 8.477 1.25 1.0 0.0 0.497
9.200 9.779 6.29 1.0 0.0 0.513
(6 data points) kij = 0.5337, A, = 73.609, A,; = 1087.130, |AP|(%) = 4.3
208409124.6 | 160663801.3 -229° 2.905 3.106 6.92 1.0 0.0 0.276
127470852.8 | 103236320.5 -19.0 4.263 4.193 -1.65 1.0 0.0 0.342
68574153.0 66838886.9 2.5 5.670 5.295 -6.61 1.0 0.0 0.397
20644385.6 31853700.4 54.3° 7.118 6.615 -7.07 1.0 0.0 0.449
1750040.9 2299166.8 314° 8.372 8.409 0.44 1.0 0.0 0.497
9.200 9.493 3.18 0.9999997 0.0000003 0.513

*Out of limits data point. Shaded line: removed data point.
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Table 14. Detailed Results for the CO, + [bmim][BF,] at 298.15 K from [5]

Ap A, %AA; P P %AP v ™ Xi
(5 data points) k; = 0.4961, Ay, = 1249.692, Ay = 298.008, [AP|(%) = 3.1

53009 5219.2 -15 0.010 0.011 11.94° 0.999235 0.000765 0.002
6312.1 5890.6 -6.7 0.050 0.055 9.88 0.999845 0.000155 0.010
351802 337609 4.0 0.100 0.105 498 0.999919 0.000081 0.019
329053 33149.1 0.7 0.400 0.400 0.21 0.999978 0.000022 0.069
315300 310444 -15 0.700 0.705 0.62 0.999987 0.000013 0.116
30081.1 301111 0.1 1.000 0.998 -0.13 0.999990 0.000010 0.158
19145.8 18793.7 -1.8 1300 1302 0.11 0.999992 0.000008 0.197
452052 45778.8 13 1500 1495 -0.36 0.999993 0.000007 0.221

2.000 2.002 0.11 0.999994 0.000006 0277

*Out of limits data point.

Table 15. Detailed Results for the CHF; + [bmim][PF¢| at 323.10 K from [8]

Ap A, %AA, PP P %AP ylm yzcal X

8 data points) ky = 0.9522, A, =-1985.123, Ay = 3675.940, |AP|(%) = 4.0
P ij

7401.2 8459.8 14.3 0.050 0.041 -18.57° 0.9998576 0.0001424 0.005
51290.7 56615.4 10.4 0.100 0.089 -10.44 0.9999357 0.0000643 0.011
56487.0 55091.9 2.5 0.400 0.406 1.64 0.9999865 0.0000135 0.050
58146.3 56810.9 23 0.700 0.703 0.36 0.9999925 0.0000075 0.086
60305.3 61356.3 1.7 1.000 0.995 -0.56 0.9999949 0.0000051 0.121
42105.9 42865.8 1.8 1.299 1.299 -0.01 0.9999963 0.0000037 0.156
109615.1 108640.6 -0.9 1.500 1.502 0.14 0.9999969 0.0000031 0.179

1.989 1.999 -0.02 0.9999978 0.0000022 0.231

(7 data points) kjj=0.8961, A;,=-1917.752, A,

Il

3550.764, |AP|(%) = 1.9

50441.7 557784 10.6 0.0996 0.0888 -10.83 0.9999352 0.0000648 0.011
54802.0 53575.3 22 0.3996 0.4051 1.38 0.9999862 0.0000138 0.050
55614.6 54489.0 2.0 0.7004 0.7021 0.24 0.9999922 0.0000078 0.086
56820.1 57916.9 1.9 1.0004 0.9945 -0.59 0.9999947 0.0000053 0.121
39149.7 39896.6 1.9 1.2993 1.2995 0.02 0.9999960 0.0000040 0.156
999153 98824.2 -1.1 1.5001 1.5029 0.19 0.9999966 0.0000034 0.179

1.9993 1.9987 -0.03 0.9999975 0.0000025 0.231

“Out of limits data point. Shaded line: removed data point.
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Table 16. Detailed Results for the CHF; + [bmim][PFg] at 323.10 K from [6]
Ap A, %AA; PP P! %AP v v, X
(12 data points) kij = 0.3821, Aj» = -1446.267, A, = 2826.518, |AP|(%) = 4.0
93020.068 91092.305 -2.1 0.810 0.824 1.7 <10°* 9.70%10° 0.102
69309.529 66173.159 -4.5 1.667 1.675 0.5 <10’ 6.70%10° 0.203
46882.596 47214.62 0.7 2.604 2.570 -1.3 <10* 6.50%10° 0.302
27470.452 27663.524 0.7 3.598 3.564 -0.9 <10? 7.80%10° 0.400
15714.417 14861.863 54 4.598 4.568 0.6 <10 1.12#10° 0.483
6185.105 7915.197 28.0" 5.728 5.633 -1.6 <10? 2.07*10° 0.552
3889.665 2477.174 -36.3" 6.951 7.219 3.9 <10’ 8.63%10° 0.621
433.438 284.36 -34.4° 11.337 10.726 -5.4 <10° 8.29%10™ 0.700
45.358 52.182 15.0 18.535 16.433 -11.3 <10°* 3.86*10° 0.780
3.729 10.313 176.5" 23.745 22.757 -4.1 ~0.010 0.012 0.850
1.163 1.64 41.0" 25.278 27.179 7.5 =~0.020 0.028 0.900
26.225 28.623 9.2 ~0.044 0.037 0.925
(7 data points) kij= 0.2901, Aj,=-1158.594, Ay, = 2360.242, |AP|(%) = 0.6
83947.1 83886.1 -0.1 0.810 0.811 0.13 <10* 0.000010 0.102
58230.7 56888.2 -2.3 1.667 1.672 0.30 <10* 0.000008 0.203
35903.0 36604.3 2.0 2.604 2.591 -0.49 <10* 0.000008 0.302
18888.5 18728.4 -0.8 3.598 3.608 0.28 <10* 0.000011 0.400
9799.4 8757.6 -10.6 4.598 4.608 0.21 <10* 0.000018 0.483
3673.4 4166.8 134 5.728 5.620 -1.88 <10* 0.000035 0.552
6.951 7.011 0.86 <10 0.000138 0.621

*Out of limits data point. Shaded line: removed data point.
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NOMENCLATURE
Symbols :
A B, C D Parameters in interpolation functions '
A Area T
AF Excess Helmholtz energy T,
A Energy  interaction  parameter  in T.
UNIQUAC "
a a., b Constants in Peng-Robinson EoS
Ay, by, Mixture constants in Peng-Robinson EoS g
EA Error in calculated areas %
F Dependence on the acentric factor in the o VA
function
fed Excess Gibbs energy :
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Binary interaction parameter

Pressure

Structural parameter for surface area in

UNIQUAC

Universal gas constant

Structural

parameter

for volume in

UNIQUAC

Temperature

Critical temperature

Reduced temperature (7, = 7/T,)
Molar volume

Mole fraction of supercritical fluid in the
vapor phase

Mole fraction in the liquid phase
Compressibility factor

Coordination number in

(z=10)

UNIQUAC
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Abbreviations

EoS = Equation of State

NFC = Not fully consistent

TC = Thermodynamically consistent

I = Thermodynamically inconsistent

UNIQUAC = UNIversal-QUAsiChemical model

%A = Percent deviation

Greek letters

oT) = Temperature function in the Peng-
Robinson EoS

0] = Acentric factor

= Characteristic constant in Wong-Sandler

mixing rule

] = Volume fraction in UNIQUAC

0 = Surface area fraction in UNIQUAC

A = Interval (for temperature, pressure and
mole fraction)

) = Fugacity coefficient

T =  Exponential interaction parameter in
UNIQUAC

o = Standard deviation in measured properties

Super/subscripts

4 = Area

cal = Calculated

E = Excess property

comb = Combinatorial

exp = Experimental

Sluid = Supercritical fluid

ij = Components

P = Pressure

res = Residual

Y = Vapor-phase composition

) = Infinite pressure

APPENDIX A: PX DIAGRAM FROM ISOPLETHS

By interpolating between isopleths, it is possible to plot
the Px diagram at constant temperature. Since both bubble-
and dew-points are available in several isopleths, each Px
diagram illustrates both the solubility of the supercritical
fluid in the ionic liquid-rich phase and the solubility of the
ionic liquid in the supercritical fluid phase. Then, values of
other than the known discrete points may be needed (i.e.,
interpolation). This process, for discrete data, is performed
by fitting an approximating function to the discrete data set.
Many types of approximating functions can be used and sev-
eral authors calculated Px diagram from isopleths, but with-
out recommending one specific method for the best interpo-
lation or curve fitted for the isopleths. A Px diagram appears
in Fig. (A.1).
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Fig. (A.1). Px diagram for the system supercritical CHF; +
[bmim[PFg] at 348.10 K.

In this work, there were used interpolation functions for a
set of discrete data in two ways: exact fit, such as cubic
spline [29] and approximate fit, by using low degree poly-
nomials [17, 18], where the parameters were fitted through
the least squares approximation. Five interpolation functions
were tested.

The method for select the best interpolation function is
based on the hypothesis that experimental error should be
randomly distributed. The error defined in order to accept the
interpolation function as accurate for the data is based on the
work by Hoffman [30], using the general equation of error
interpolation of Weierstrass approximation theorem. Then,
the error defined (%|AE|) used temperature 7' as the inde-
pendent measured variable and pressure P as the dependent
measured variable for the isopleths data. In order to confirm
this error, several calculations of errors in the interpolated
experimental data were performed. The absolute average
percent deviations for the interpolation %|AE| is defined as:

%|AE|=@§|P.“P-f(TeXp TP TEP). | /PP
N & 1 1 S N Jj=i 1

where N is the number of data points, 7,*” is the experimen-
tal temperature at point “i”, P,*" is the experimental pressure
at point “i”, and fis the interpolated function fitted with all
other experimental data points but “/” and evaluated at
The interpolation error is used on five interpolation functions
over each isopleth; so, the interpolation function with the
minimum value of %|AE| is established as the optimal for
the isopleth. After that, the chosen interpolation function is
fitted with all experimental data and used to plot the Px dia-
gram. In this way, the optimal interpolation function has the
natural tendency of data, suffers a minimal influence by the
removing of one data point, does not present over fitting and
has the best representation for large or rough data sets.

)
[

The isopleths from Shariati and co-workers used in the
consistency thermodynamic were used; one set of such data
is shown in Fig. (A.1). The interpolation functions and the
results are shown in Table Al. In this table, N; is the number
of isopleths interpolated, %|AE| is the average percent devia-
tions for the interpolation, %|AP| is the absolute average
percent deviation for pressure, and 4, B, C and D are the
fitted parameters for the interpolation functions.
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Table Al. Interpolation Functions, Errors (%|AE|) and Rela-
tive Deviation in Pressure (%|AP|)

Function N %IAE| | %AP|
cubic spline 8 0.20 0.00
P=AT?>+BT+C 9 0.28 022
P=AT’+BT?+CT+D 11 0.19 0.11
p = ola+BIT) 1 053 045
p= e(A*B/TZ) 1 0.57 0.50

Table A1 shows that the value of %|AE| is always greater
than %|AP|. Also, it shows that the cubic spline has %|AP| =
0, because cubic spline yields the exact experimental pres-
sure P; for each experimental temperature 7;. In contrast,
%| AE| by definition uses a function fitted without the data
point “i”, evaluated in the point “/” and then does not allow
over fitting.

)
1

For systems with Px diagram from interpolated isopleths
data, the mean value of %|AE| for all isopleths was used for
op. The mean value of %|AE| for CO, + [bmim][PF4], CO, +
[bmim][BF,] and CHF; + [bmim][PF4] are 0.39%, 0.33%
and 0.13%, respectively. These values are within the re-
ported experimental error, which has a range from 0.04% for
high pressure to 1.7% for low pressure. Considering these
values, when a reported experimental data set does not show
experimental uncertainties, the value op = 0.1% was used.
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In this work, a computational method is proposed in order to choose the best interpolation function for
experimental data. The optimal interpolation function follows the natural tendency of data, suffers a
minimal influence by removing one data point, does not present over fitting and yields the best
representation for large or rough data sets. High pressure Px data of binary mixtures containing ionic liquid
were used as case studies: supercritical CO, + 1-hexyl-3-methyl imidazolium hexafluorophosphate
{[hmim][PFg]}, supercritical CO, + 1-butyl-3-methyl imidazolium tetrafluoroborate {{bmim][BF,]} and
supercritical CHF; + 1-butyl-3-methy! imidazolium hexafluorophosphate {[bmim][PFs]}. The common
practice of using the correlation coefficient to analyze the accuracy of the interpolation model is critically
discussed. As a validation of the method, a thermodynamic consistency test is applied to the interpolated
data. The results show that the mean values of the interpolation error for CO,+[hmim][PFs],
CO, + [bmim][BF4] and CHF; + [bmim][PFs] are 0.47%, 0.33% and 0.13%, respectively. These values are
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within the reported experimental error, which has a range from 0.04% to 1.7%.
© 2010 Published by Elsevier B.V. on behalf of Taiwan Institute of Chemical Engineers.

1. Introduction

Interpolated data are needed in several engineering problems;
an example of these problems is the construction of a Px diagram
from experimental isopleths, a typical vapor-liquid equilibrium
(VLE) problem. By interpolating between isopleths, it is possible to
plot the Px diagram at constant temperature. Since both bubble-
and dew-points are available in several isopleths, each Px diagram
illustrates both the solubility of the solute in the solvent-rich phase
and the solubility of the solvent in the solute-rich phase. Then,
values of other than the known discrete points may be needed. This
interpolation process is performed by fitting an approximating
function to the discrete data set.

Many types of interpolation functions can be used and several
authors calculated Px diagram from isopleths, but without
recommending one specific method for the best interpolation
function. Then, there are not scientific papers that develop and give
solutions about how to choose the best interpolation function;

* A previous version of this paper was presented as a poster (in Portuguese) at the
XVII Brazilian Congress of Chemical Engineering, Recife, 2008.
Abbreviations: NFC, not fully consistent; TC, thermodynamically consistent;
UNIQUAC, universal quase chemical; VLE, vapor-liquid equilibrium.
* Corresponding author. Tel.: +55 19 3788 3962; fax: +55 19 3788 3965.
E-mail address: maznar@feq.unicamp.br (M. Aznar).

however, this solution is always demanded by readers and referees
when interpolated data are used.

In several applications of interpolation functions to experi-
mental data, it has been a common practice to analyze the results
using definitions of errors and deviations that we consider
misleading and that do not give a clear indication about how
accurate are the models employed in the analyses. Sentences such
as “...fairly good representation data for these systems were
found” or “...in general, the correlation of the experimental data of
this work by the polynomial is acceptable”, which are commonly
found in the literature, must be taken with care. Three main
problems are found in this kind of analysis: (i) the polynomial
interpolation may oscillate wildly between the data points; this
problem is commonly resolved by the use of spline interpolation,
but this function can over fit the data set and the R? also shows a
high value; (ii) when calculated and experimental data are used to
analyze the accuracy of a interpolation, the differences between
experimental and correlated values are presented using different
definitions of errors and deviations, which mislead the correct
correlation; (iii) the interpolation methods do not measure the
natural tendency of the individual data points. The typical
interpolation is used to predict new data but this characteristic
is not measurement.

Another question arises as to whether the assumptions and
methods that are taught are still sufficient for the data analysis
needs of a chemical engineer. For example, Clancey (1947)
examined approximately 250 error distributions involving

1876-1070/$ - see front matter © 2010 Published by Elsevier B.V. on behalf of Taiwan Institute of Chemical Engineers.
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237



V.H. Alvarez, M. Aznar/Journal of the Taiwan Institute of Chemical Engineers 41 (2010) 184-189 185

Nomenclature

A areas in the Gibbs-Duhem equation
A, B, C, D coefficients for interpolation functions
f interpolation function

ki binary interaction parameter

N number of experimental points

OF objective function

P pressure

R? correlation coefficient

nq UNIQUAC volume and surface parameters
T temperature

X liquid phase mole fraction

y vapor phase mole fraction

Z compressibility factor

Greek symbols

o standard deviation

AA individual area deviation

AE absolute average deviation for error interpolation
AP absolute average deviation for pressure

w acentric factor

) fugacity coefficient

Superscripts/subscripts

calc calculated

c critical

exp experimental
ij indexes

50,000 chemical analyses of metals and found that only 10-15%
of the series presents a normal distribution of errors. This may
be due for outliers or leverage point in the data (Rousseeuw,
1984). If the data are assumed with normally distributed error
but their actual distribution has tails, then estimates based on
the maximum likelihood principle not only cease to be “best”,
but they may have unacceptably low statistical efficiency. These
potential deficiencies have been investigated since the 1960s,
and some solutions were proposed (Rousseeuw, 1984). In order
to evaluate the robustness of the methods, the term “breakdown
point” can be defined as the smallest fraction of contamination
which a given sample may contain without spoiling the
estimator completely (Rousseeuw, 1984). The breakdown point
for least squares is 0%, which means that a single outlier in a
data set destroys the estimator. In the last years, several
estimators with high breakdown point (50%) were proposed
(Rousseeuw, 1984). A simple and robust estimator is the least
absolute values; this regression protects against outlying on y,
considering normal errors on x; (Harter, 1977), as is the case for
temperature-dependent data. Thus, the goal of this work is to
propose a simple estimator for the error analysis of interpolation
methods.

In this work, interpolation functions were applied to a discrete
vapor-liquid equilibrium data set in two ways: exact fit, such as
cubic spline (Press et al., 1992) and approximate fit, by using low
degree polynomials (Cruz-Duarte et al., 2003; Peters et al., 1987),
where the parameters were fitted through the least squares
approximation. Five different interpolation functions were tested,
and in each case one of them yielded the best fit over the
experimental data. The method is applied to the experimental
isopleths of the systems CO,+[hmim][PFg], CO, + [bmim][BF,]
and CHF;+[bmim][PFs]. As a validation of the method, an

extended isothermal thermodynamic consistency test is applied
to the interpolated data.

2. Model analysis

Some authors give interpolation data by fitting exponential
curves to the experimental data points and evaluating the fit
through the correlation coefficient (R?). Peters et al. (1987) gave
interpolation data by fitting polynomial curves to the experimental
data points and evaluated the fit with a good tendency of data
curve.

These methods to select the best interpolation function are
based on the hypothesis that experimental errors are randomly
distributed. Another, error defined in order to accept the
interpolation function as accurate for the data can be based on
the general equation of error interpolation of Weierstrass
approximation theorem (Hoffman, 2001) with the least absolute
residues. The method intuitively makes the fit procedure to be
significantly quicker with robust properties. There are some
occasions where the standard deviation of the errors in the y values
(0y) is not constant; in this case weighted fitting is required. The
purpose of weighted fitting is to obtain the best estimates of the
parameters by forcing the curve close to those data that are known
with high precision, while giving much less weight to those data
that exhibit large scatter. Therefore, the propose method was
called the absolute average percent deviations for the error
interpolation (%|AE|), and for the Px data, the temperature is the
independent measured variable and pressure is the dependent
measured variable for the isopleth data, defined as

Xp exXp eXp exXp
PP — (TP, TS, TRP), -

100 X
07 —
HAE| = N Z Opew
i=1 f

where N is the number of data points, T{*” is the experimental
temperature at point “i", P{*? is the experimental pressure at point
“i", and f is the interpolated function fitted with all other
experimental data points but “i” and evaluated at “i". It is possible
that the absolute values of o, are unknown, then can be replaced by

dependent variable values, as,

P _ (IS0, TOP, . TEP)

100 ML IPF \
HIAE| = > — o
i=1 i

= (2)

The last equation is generally preferred. The interpolation error is
used on five interpolation functions over each isopleth; so, the
interpolation function with the minimum value of %AE| is
established as the optimal for the isopleth. After that, the chosen
interpolation function is fitted with all experimental data and used
to plot the Px diagram. In order to known the applicability of the
proposed equation on functions with over fitting, the cubic spline
approximation was used. There were also included 2 exponential
functions (Cruz-Duarte et al., 2003) and two polynomial functions
(Peters et al., 1987).

Other definitions of error are used to analyze the data fit, such as
the prediction error sum of squares (PRESS), the correlation
coefficient (R?), and the absolute average percent deviation for
pressure (%|AP|):

P_cal _ PX?XD

%lAPi[ =100 pexP (3)
i

Also, generalized correlation coefficients and standard deviations
may be used to assess statistical goodness of fit or compatibility
between experimental data and model results. However, from the
practical point of view, the error interpolation (Eq. (1)) should be
used to draw conclusions about how accurate is a curve fit in order
to correlate or predict an experimental data point. This is of special
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Table 1 Table 2
VLE data for supercritical systems studied. Interpolation functions, error (%|AE|) and relative deviation in pressure (%|AP)).
Sys Ni Range of data Function ~ Formula %|AE|  APRESS %AP|  R?
T(K) P(MPa) X n CO, +[hmim][PFe]
CO,+[hmim][PFg] 1 98 298-364 0.6-946 0.1-07 - ; g“bfﬁplme Uy Wik Q0 U
] —AT* + BT +C 054  0.0011 0411 099933
CHF;+[bmim][PFg] 2 173 303-363  06-410 01-09  0.96-0.99 3 P_AT 4B+ CT4D 062 00012 0406 099943
€O, +[bmim][BF,] 3 53 278-368 0.6-67.6 0.1-0.6 - A P psB/D 0 OEIE D55 GEEE
5 P = e@B/T) 061 00010 0516  0.99933
importance for applications such as thermodynamic consistency CHE; + [bmim][PF]
tests for high pressure data, cases in which an accurate L Cubic b fine 105 J0.000100 Q0. 00 BEL00000
; 8 > 7 2 P=AT? +BT+C 054 0000030 041 099971
interpolation is required of data without normal errors. B P—AT® +BI2+CT+D 057 0000034 040 099972
The interpolation method was applied to three systems show in 4 P = e(@+B/D) 053  0.000033 046 099965
Table 1. System 1 is CO, (1) + [hmim][PFg] (2) from Shariati and 5 P=gAiF) 072 0000054 0.60  0.99946
Peters (2004), system 2 is CHF3 (1) + [bmim][PFg] (2) from Shariati
et al. (2005), while system 3, CO, (1) + [bmim][BF4] (2) is taken
from Kroon et al. (2005). In this table, N; is the number of isopleths, 0.015
T is the temperature, P is the pressure and x; and y; are the molar
fraction in liquid and vapor phase, respectively. 0.010 1
The isopleth at x;=0.102 for the CHF;+ [bmim][PF¢] and
x1=0.299 for the CO, +[hmim][PFs] systems were selected as = 00051
examples for the analysis of results. The interpolation functions &
used and the results for the selected data are shown in Table 2. In g
this table, %|AE]| is the average percent deviations for the method - 0.005 1
proposed, APRESS is the deviations from PRESS, %|AP| is the o
absolute average percent deviation for pressure, R? is the 0,010 1
coefficient of correlation, and A, B, C and D are the fitted variables
for the functions. 0,015
300 310 320 330 340 350 360 370

Table 2 shows that different expressions for deviations used to
express the goodness of fit for a given function can lead to different
conclusions. In this table, the value of %|AE| is always greater than
the other error definitions. Also, it shows that the cubic spline
yields %|AP| = 0, because cubic spline yields the exact experimental
pressure for each experimental temperature. The same problem
appears with the coefficient of correlation using cubic spline,
R? =1, because the cubic spline passes through every data point. On
the other hand, %|AE| and APRESS, by definition, uses the function
fitted without the data point “i”, evaluated in the point “i” not
allowing over fitting. Then, only the proposed method (%|AE|) and
PRESS make possible to compare the functions with natural over
fitting (cubic spline) with other functions in order to analyze the
data fit. Table 2 shows also that, according with the proposed
method; the cubic spline was the worst function. Therefore, the
cubic spline is dropped out and only the functions 2-5 are used as
interpolation functions in this discussion. The residual scatter for
these functions are shown in Fig. 1 for the CHF; + [bmim][PFg]. This
figure shows that all residual errors are low; however, the selected
functions are different for each definition of error and the results
are shown in Table 3.

The confidence intervals (in particular the 95% confidence
interval) on the variable values and data point errors fit can be very
useful indicators of the fit between the model and the data
(Benson-Karhi et al., 2007). If all confidence intervals are smaller
than the respective variable values, all of them are significant in the
function fit; the best model is obtained with the lowest data point
errors (Perry et al., 1999). The results for the CO, + [hmim][PFs] in
Table 3 show that all variables in function 3 are not significant,
since the confidence intervals are greater than the variable values;
therefore, the function is not the best for the data, although would
be selected by the R? criterion. Besides, the function 5 shows all the
parameters as significant, but their residual errors have two points
over the 1%. These results show that the outlier at 348.15K
influences a bad quality of the fit with the PRESS method. On the
other hand, all the variables in function 4, selected with the
method proposed, are significant, and the residual errors show a
best fit on the data with the same tendency, with low influence of

T(K)

Fig. 1. Residual error for functions 2-5 for the CHF; + [bmim][PFg] system.

the outlier on the fit. This result is observed in all function fits using
the proposed method. The results for the CHF; + [bmim][PFg] show
similar residual errors for the method proposed and PRESS, but the
proposed method select an function with two parameters only.
Table 3 shows the relative residual errors close to 1% with bold
values.

Three interpolated isotherms from isopleths using the proposed
method are shown in Table 4. In this table, the interpolated
temperature was 323.15 K, P is the pressure and x; and y; are the
mole fraction of component 1 in liquid and vapor phase,
respectively.

The interpolated isotherms for CO, +[hmim][PFg], CO, + [b-
mim]|[BF,] and CHF; + [bmim][PFg] have %|AE| = 0.68%, 0.28% and
0.13%, respectively. These values are within the reported
experimental error, which has a range from 0.04% to 1.7%.
Therefore, the optimal interpolation function follows the natural
tendency of data, suffers a minimal influence by removing one data
point, does not present over fitting and yields the best
representation for large or rough data sets.

3. Consistency test

The interpolated data of Table 4 were tested with a
thermodynamic consistency test. The equations defining the
consistency criteria for binary mixtures have been presented by
Valderrama and Alvarez (2004). The test uses the Peng-Robinson
(1976) EoS with the Wong-Sandler (1992) mixing rule coupled
with the UNIQUAC model (Abrams and Prausnitz, 1975) for the
excess Gibbs free energy as the standard thermodynamic model in
a bubble point calculation. The development for binary mixtures
containing ionic liquids is summarized below.

This thermodynamic model is used to accurately fit the
experimental data and thereafter, apply the consistency test.
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Table 3

187

Interpolated values, parameters for the function fit and confidence interval in functions 95% for the selected functions in Table 2.

€O, +[hmim][PF6]

%|AE| (F2)

APRESS (F5) %|AP|, R? (F3)

A 2.031E-4+6.109E-5 3.861E+0+4.559E -2 ~2.143E-6+3.750E-6
B ~8.015E-2 +4.075E-2 —2.867E+5 +5.307E+3 2.347E-3+£3.750E-3
€ 7.741E+0 + 6.778E+0 = ~7.935E—1+ 1.248E+0
D = 8.671E+1 4+ 1.383E+2
T (K) P (MPa) Peat (MPa) A A% Pear (MPa) A A% Pea (MPa) A A%
30334 2.13 2.118 0.012 0.566 2.108 0.022 1.045 2.136 ~0.006 ~0.265
308.35 234 2339 0.001 0.048 2330 0.010 0.410 2339 0.001 0.050
313.36 257 2,570 0.000 0.000 2.564 0.006 0.221 2.560 0.010 0378
318.39 2.80 2.812 ~0.012 ~0.439 2.810 -0.010 ~0.360 2.799 0.001 0.022
32341 3.06 3.064 ~0.004 -0.143 3.066 ~0.006 ~0.192 3.053 0.007 0.225
328.44 331 3327 ~0.017 ~0.520 3332 -0.022 ~0673 3321 ~0011 -0328
333.36 3.60 3.594 0.006 0.160 3.602 ~0.002 —0.059 3.594 0.006 0.159
338.43 3.86 3.880 ~0.020 ~0.511 3.889 -0.029 ~0.761 3.886 ~0.026 —0.681
343.63 4.17 4183 ~0.013 -0.320 4193 -0.023 ~0.553 4195 ~0.025 -0.596
348.46 456 4475 0.085 1.859 4483 0.077 1.690 4488 0.072 1575
353.48 479 4789 0.001 0.029 4792 ~0.002 ~0.033 4798 ~0.008 ~0.173
358.65 5.09 5.122 ~0.032 ~0.631 5117 -0.027 -0528 5.121 ~0.031 -0.619
363.37 543 5.436 ~0.006 ~0.111 5.420 0.010 0.187 5.419 0.011 0211
CHF3 +[bmim][PF6]
%|AE| (F4) APRESS (F2) %|AP|, R? (F3)

A 4.837E+0 + 6.304E-2 5.370E—05 + 1.005E-5 —1.540E—07 + 6.603E—7
B 1.631E+3 £2.153E+1 —2.189E—02 + 6.698E-3 2.076E—04 + 6.602E—4
C = 2.279E+0+ 1.113E40 —7.308E-02 +2.196E-1
D -

T (K) P (MPa) Pear (MPa) A A% Peat (MPa) A A% Pear (MPa) A A%
303.20 058 0581 ~0.001 ~0.205 0577 0.003 0.488 0578 0.002 0.268
308.19 063 0.634 ~0.004 ~0.649 0.632 -0.002 -0277 0.632 ~0.002 ~0.277
313.20 0.69 0.690 0.000 -0016 0.689 0.001 0.112 0.689 0.001 0213
318.18 0.74 0.749 ~0.009 ~1.216 0.749 ~0.009 -1.216 0.748 ~0.008 ~1.095
32326 0.82 0812 0.008 0.976 0.813 0.007 0.854 0812 0.008 0.976
32824 0.88 0.876 0.004 0.441 0.878 0.002 0.230 0.878 0.002 0.282
33322 0.94 0.944 ~0.004 ~0.390 0.946 ~0.006 ~0.620 0.946 ~0.006 ~0.620
338.17 1.02 1.014 0.006 0611 1.016 0.004 0.401 1.016 0.004 0356
34325 1.09 1.089 0.001 0.111 1.091 -0.001 ~0.052 1.091 ~0.001 ~0.127
348.22 1.17 1.165 0.005 0410 1.166 0.004 0317 1.167 0.003 0237
35323 124 1.245 ~0.005 -0423 1.245 ~0.005 ~0.429 1.246 ~0.006 -0.485
358.22 133 1328 0.002 0.151 1327 0.003 0.248 1327 0.003 0.248
363.25 141 1414 ~0.004 ~0314 1411 -0.001 ~0.102 1.410 0.000 -0.012

The experimental data fit requires the calculation of the model
interaction parameters, using an optimized objective function.
Although the consistency test is model dependent, good fitting
does not guarantee that the data are consistent, since the proposed
area test, derived from the Gibbs-Duhem equation, must also be
fulfilled. The test uses the Gibbs-Duhem equation expressed in the
integral form (Valderrama and Alvarez, 2004):

1 =) d¢l 1 do,
./PJ’2 /J’z + zZ-1 ¢2

where P is the pressure of the system, y, is the mole fraction of the
ionic liquid in the gas phase, ¢; and ¢, are the fugacity coefficients
of the components fluid (1) and ionic liquid (2) in the gas phase,
and Z is the compressibility factor. Both sides of this equation are
denoted as follows:

Apf/—dl’

/ 1 —J’z d¢1 1 d¢,
Yal z-1 ¢2
The Ap and Ay are evaluated using two consecutive points. The

values for Ap are obtained with experimental Py, data, while the
values for Ay are obtained with calculated values of Z, ¢; and y, by

(4)

(5

(6)

the thermodynamic model. The pressures used as experimental
data are calculated as interpolated values by the proposed criteria
equation. Thus, for one data set to be considered as consistent, A
and Ap should be similar within acceptable deviations. In order to
define the acceptable deviations, an individual percent area
deviation (%AA;) between the A, and Ap values can be defined as:

%AA; = 100 r‘f’ - A”] 7)

P i

The quality of the correlation was analyzed through the relative
deviations in the calculated pressure in the gas phase for each point
i, defined as:

peal _ pexp
%AP; = 100~ Pexpl

(8)

The method implies the minimization of the deviations, Eqs. (7)
and (8). Then, the objective function for the consistency test
includes a minimization of deviations in VLE data, and the integral
areas (%AA;). Besides, the inclusion of vapor concentrations in the
objective function allows low deviations in pressure and predicts
true physical concentrations in the vapor phase. Then the
consistency of VLE data set is determined by the minimization
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Table 4 Table 5
Interpolated VLE data for fluid (1)+IL (2) systems at 323.15K. Critical properties.

P (MPa) X1 Vi Component T (K) P, (MPa) [0}

€O, +[hmim][PFe] €o;? 304.21 7.383 02236
0.81 0.098 <0.9999 CHF3? 299.01 4816 0.2642
1.80 0.198 <0.9999 [hmim][PFg] 754.3 1.55 0.8352
3.05 0.299 <0.9999 [bmim][PFs]° 708.9 1.73 0.7553
491 0410 <0.9999 [bmim][BF,]” 632.3 2.04 0.8489

5 - <0.
i o 05 s a0
25.86 0650 20,9999 Valderrama and Robles (2007).
57.96 0.702 <0.9999
Sg"l‘? g;; ig'gggg where uncertainties of 0.005 for the experimental liquid phase
: ' - mole fraction, 0.5K for the temperature, and 0.0001 for each

CHF; + [bmim][PFg] interaction parameter were used. The partial derivatives were
?‘g; g;gg ig'gggg numerically calculated and applied for several mixtures. The
2.60 0302 ;0:9999 results shows a direct relationship between the estimated percent
3.60 0.400 <0.9999 errors %EA and the fit deviations of the pressure (%¥AP), with a
4.60 0.483 <0.9999 maximum deviations of 17% for AEA and 5% on the %AP.
5.73 0552 <0.9999 Also, the analysis show a good VLE fit yields minimal deviations
?‘]9; a g:%c]) ig:gggg in the individual areas; a ¥AP; below that 5% gives 3AA; below that
1853 0780 20,9999 10% and a %AP; between 5% up to 10% yields $AA; below that 20%.
23.74 0.850 ~0.990 Therefore, over these limits, the experimental data has high chance
25.28 0.900 ~0.980 to be thermodynamically inconsistent. These limits defined for the
222 s ~UEEE consistency criterion produce randomly distributed deviations on

€O, +[bmim][BF4] VLE. These limits defined are not strict, for example with only one
1.056 0.1022 <0.9999 data point slightly out of limits, the data set can be consider
i'ggz g;ggg fg‘gggg thermodynamic consistent. However, if more than 50% of the data
6.084 0.4005 20.9999 points are out of limits, there is an evident tendency of
8.956 0.4825 <0.9999 inconsistency. Then, using the analysis of the propagation error
20372 0.5507 <0.9999 a rule of thumb for remove bad data points is: (i) data point with
43.393 0.6017 <0.9999

of the objective function, OF,

N-1 2 N [pal _pexpl? N I 2
_ Ap —Ag P pe Viiuig — 1
OF = ;[ o ]i+2[ or +> e i (9)

i1 i =l

where N is the number of data points, P is the pressure, yquiq is the
vapor mole fraction of the supercritical fluid for data point “i”, the
superscripts “exp” and “cal” refer to the experimental and calculated
values, respectively, and o4, op and oy are the standard deviations of
the measured quantities. For simplification, the interpolation errors
of the pressure data were used for op, the value 10> (or 10~ when
there are dew-point data) for o, and the value of Ap for 0.

The experimental values of concentration of ionic liquid in the
gas phase (y,) are needed; however, since these concentrations are
almost negligible, its measurement is difficult (Shariati et al., 2005);
this is the rule of thumb for the physical criterion for y,, whose value
can be lesser than 10~3 with an experimental uncertainty of 10~>.
Therefore, the consistency test uses values for y, calculated through
the bubble point calculation of the thermodynamic model, restricted
only for low values to use in Egs. (5) and (6).

In order to analyze the limits for consistency criteria and the
uncertainty caused by the independent variables, calculations of
error propagation have been performed (Perry et al., 1999), with
the liquid phase mole fraction, the temperature, and the
interaction parameters as the independent measured variables.
The calculated individual area Ay is the dependent variable.
Therefore, the error (EA) and the percent error (%¥AEA) in the
calculated area are defined:

CO0Ag, Ay, Ay Ay,
EAfwa+ﬁAT+%AkU+%AAU (10)
%AEA = 10022 (11)

Ay

%AP; > 10 and %AA; > 20; (ii) data point with $AA; > 20; (iii) data
point with $AP; < 5 and %AA; > 10.

Accepted deviation defined by AP < 10 s used as constraint for
every data point for the thermodynamic model. If the thermody-
namic model cannot fit more than 30% of data points in the data set
within this limit defined for individual pressure and low ionic liquid
concentration in the gas phase, another thermodynamic model
should be used. In another case, the results are used into Eqs. (5) and
(6) to evaluate the consistency of the data.

The deviations accepted for the consistency test are beyond of the
uncertainties of the interpolated data, thus is not a cause for data not
consistent. Also, the works of Alvarez and Aznar (2006, 2008) show
the flexibility of the thermodynamic model for these systems, where
the UNIQUAC structural parameters and critical properties have a
small influence on the data fit; the interaction parameters are the
opposite, since their values have high influence on the data fit.
Therefore, to obtain the best interaction parameters, the minimiza-
tion method was performed using a genetic algorithm code,
implemented and fully explained in Alvarez et al. (2008).

4. Application of the test
The consistency test using the Peng-Robinson EoS with

the Wong-Sandler/UNIQUAC mixing rules was applied to the
isotherms of Table 4. The critical properties for all substances are

Table 6

Structural parameters for UNIQUAC.
Component i q
Coy* 3.26 289
CHF5? 4.36 3.19
[hmim][PFg]* 28.08 18.10
[bmim][PFe]* 24.01 15.16
[bmim][BE4]" 2175 14.08

2 Alvarez and Aznar (2008).
" This work.
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Table 7
Results of the consistency test, with estimated k, A;» and Ay; UNIQUAC parameters.
Sys kij Ay (KJ/kmol) Ay (KkJ/kmol) |AP| (%) Result
1 03126 9459.9 -1163.3 10.6 NFC
2 0.4378 -1822.6 3604.5 7.9 NFC
3 0.2832 2591.7 -141.0 0.7 TC

shown in Table 5, while the structural parameters r and q for the
UNIQUAC model are shown in Table 6. Table 7 shows the results for
the consistency test and the interaction parameters for the
UNIQUAC model; in this table, TC stands for “thermodynamically
consistent” and NFC for “not fully consistent”.

5. Conclusion

A computational method is proposed in order to choose the best
interpolation function for Px isopleths. The isothermal data obtained
from interpolation are within the reported experimental error. All
variables for the function fitare statistically significant. Anisothermal
consistency test was developed to analyze individual interpolated
data points in a binary vapor-liquid equilibrium data set containing
ionic liquids, i.e., to eliminate doubtful points, based on the Peng-
Robinson EoS with the Wong-Sandler/UNIQUAC mixing rule. The
consistency test was applied to the isothermal interpolated data. The
systems CO, + [bmim][BF;] was considered thermodynamically
consistent, while the systems CO,+[hmim][PFs] and CHF;+
[bmim][PFs] were considered not fully consistent.
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temperatures was used to measure the phase behavior of the binary systems of carbon dioxide
(CO,) +1-ethyl-3-methyl-imidazolium bis(trifluoromethylsulfonyl)imide ([C;mim][Tf,N]) and CO,+1-
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methyl-3-pentyl-imidazolium bis(trifluoromethylsulfonyl)imide ([Csmim][Tf,N]) at temperatures up to
363 K and pressures up to 50 MPa. A thermodynamic consistency test, developed for systems with incom-
plete PTxy data and based on the Gibbs-Duhem equation, was applied to the experimental data measured
in this work and the Peng-Robinson EoS using the Wong-Sandler mixing rule was used to describe the
experimental data with excellent results.

Phase behavior
Supercritical
Experimental
High pressure
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1. Introduction

lonic liquids (ILs), a class of neoteric solvents composed of large
organic cations and organic or inorganic anions, that cannot form
an ordered crystal and thus remain liquid at or near room tem-
perature, are becoming one of the fastest growing “green” media
for chemists and engineers, bridging academia and industrial inter-
ests. The tunable properties of ILs through an endless combination
of cations and anions, allow the design of solvents for the develop-
ment of more efficient processes and products. Among the several
applications foreseeable for ionic liquids such as solvents in organic
synthesis [1,2], homogeneous and biphasic transfer catalysts [3-5],
separation processes [6-9], their use in processes with supercritical
gases is one of the most exciting.

Blanchard et al. [9-11] described several potential applications
of supercritical fluids with ILs. They demonstrated the possibility
of using supercritical CO, to remove a solute from an IL, without
contamination of the extracted solute, solving one of the short-
comings of the use of ionic liquids in solvent extraction processes:

* Corresponding author. Tel.: +351 234 401 507; fax: +351 234 370 084.
E-mail address: jcoutinho@ua.pt (J.A.P. Coutinho).

0896-8446/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.supflu.2008.10.012

the recovery of the compounds from the ionic liquid media. Scurto
et al. [12] proposed an innovative process of separating ILs from
organic solvents using supercritical CO; that induces a phase sepa-
ration, due to the organic liquid phase expansion and the dielectric
constant decrease, forcing the IL to separate into a second liquid
phase. Later, Scurto et al. [13] also demonstrated that separation of
aqueous solutions of both hydrophobic and hydrophilic ILs can be
performed using supercritical CO,.

A large amount of work concerning the development of ionic
liquids with special affinity towards CO, has been carried Bates
et al. [6] who reported amine functionalized ILs, while Yuan et
al. [14] and Sun et al. [15] used hydroxyl-functionalized ILs as
a novel efficient catalyst for chemical fixation of CO,. Yu et al.
[16] and Huang et al. [17] proposed guanidinium-based ILs, where
the electron-donating groups increased the strength of the donor-
acceptor interactions on -NH, and consequently enhanced the
interactions between -NH, and CO,. Muldoon et al. [ 18] and Lopez-
Castillo [19] reported that CO, can be used to enhance the solubility
of other gases that typically present low solubilities in ILs. Solinas
et al. [20] showed that inducing CO, pressure on a system improves
the activation, tuning and immobilization of chiral iridium cat-
alysts in IL/CO, for the enantioselective hydrogenation reaction
of imines.
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The successful development of IL-based processes using super-
critical fluids depends on the adequate knowledge of the phase
behavior of the systems. Several authors, such as Brennecke
[11,21,22], Peters [23-25] Noble [26], Lim [27], Baltus [28], Outcalt
[29], Yokozeki [30] and Majer [31], have been reporting supercriti-
cal carbon dioxide solubility in common ILs, but few have focused
their studies on the Tf,N anion-based ionic liquids [23,25-29].

Apart task specific ILs, the Tf,N anion-based ILs are the ones pre-
senting the highest CO, solubility. Although both anion and cation
influence the CO, solubility, the anion has the strongest influence
[21,22,32,33]. The presence of fluoroalkyl groups, known to be “CO,-
philic”, make the Tf,N anion-based ILs compounds with great CO,
solubilities. However, this behavior is yet poorly understood and
while some authors emphasize the role of the interactions between
the CO, and the Tf,N anion [21,22,34], others identify the large free
volume of the ionic liquid as the main factor responsible for the
large solubility [18]. On the other hand, the alkyl chain length of the
cations, also influences the CO, solubility, indicating an entropic,
rather than enthalpic, effect is present [21]. For a given cation, the
data available seems to indicate that the longer the alkyl chain, the
higher the free volume, and consequently the larger the solubility
[11,21,23,24,34-37].

In this work, a new apparatus was developed to inves-
tigate the high pressure phase behavior of gas+ionic liquid
systems. Two Tf,N-based ionic liquids were selected in order
to further contribute for a more detailed knowledge and
thus a better understanding of the solubility of supercritical
CO, in these fluids. The system of CO,+1-ethyl-3-methyl-
imidazolium bis(trifluoromethylsulfonyl)imide ([C;mim][Tf,N])
was chosen because it allows the evaluation of the qual-
ity of the measurements by direct comparison with litera-
ture data [25], and the CO,+1-methyl-3-pentyl-imidazolium
bis(trifluoromethylsulfonyl)imide ([Csmim]|[Tf,N]) system was
studied to investigate the effect of the alkyl chain length on the CO,
solubility in ionic liquids. Both systems were measured at temper-
atures up to 363 K and pressures of 50 MPa.

A thermodynamic consistency test [38,39], developed for sys-
tems with incomplete PTxy data and based on the Gibbs-Duhem
equation, and the Peng-Robinson equation of state [40] with the
Wong-Sandler mixing rule [41] using the UNIQUAC model [42] for
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the activity coefficients, was applied to describe the experimen-
tal data measured in this work. It will be shown that the model
provides an excellent representation of the experimental data and
the consistency test shows that the data here reported, unlike many
other systems available in the literature, is thermodynamically con-
sistent [38,39,43].

2. Experimental
2.1. Materials

Two imidazolium-based ILs, 1-ethyl-3-methyl-imidazolium
bis(trifluoromethylsulfonyl)imide, [C;mim][Tf,N] and 3-
methyl-1-pentyl-imidazolium bis(trifluoromethylsulfonyl)imide,
[Csmim][Tf,N], were used on this study. All compounds were
acquired from IoLiTec with mass fraction purities >99% and bro-
mide impurity mass fraction <10~4. The purities of each ionic
liquid stated by the supplier, were checked by 'H NMR, 3C NMR
and F NMR.

It is well established that ILs physical properties are influenced
by their water content [44-47]. To reduce to negligible values both
water and volatile compounds content, vacuum (0.1 Pa), stirring
and moderate temperature (353 K), for a period of at least 48 h, were
applied prior to the measurements. The final IL water content was
determined with a Metrohm 831 Karl Fischer coulometer, indicat-
ing a water mass fraction of (42 and 20) x 10-5 for [C;mim][Tf,N]
and [Csmim|[Tf,N], respectively.

The CO, used was from Air Liquide with a purity of >99.998%
and H,0, 0,, ChHp, N7 and H, impurities volume fractions lower
than (3, 2,2, 8 and 0.5) x 105, respectively.

2.2. Experimental measurements

The high pressure equilibrium cell developed in this work uses
the synthetic method and is sketched in Fig. 1. The cell, based on the
design of Daridon and co-workers [48-52], consists of a horizon-
tal hollow stainless-steel cylinder, closed at one end by a movable
piston and at the other end by a sapphire window. This window,
along with a second window on the cell wall through which an
optical fiber lights the cell chamber, allows the operator to follow

Fig. 1. Schematic apparatus—1: analytical balance; 2: thermostatized bath circulator; 3: computer to data and video acquisition; 4: vacuum pump; 5: piezoresistive pressure
transducer; 6: magnetic bar; 7: endoscope plus a video camera; 8: light source with optical fiber cable; 9: high-pressure variable-volume cell; 10: temperature probe.
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the behavior of the sample with pressure and temperature. The
orthogonal positioning of both sapphire windows minimizes the
parasitic reflections and improves the observation in comparison
to axial lighting.

A small magnetic bar placed inside the cell allows the homog-
enization of the mixture by means of an external magnetic stirrer.
The sapphire window on the cell wall limits the minimum inter-
nal volume of the cell to 8 cm?, while the maximum value is set
to 30cm?. The presence of the magnetic stirrer, as well as the cell
reduced volume, help to minimize the inertia and temperature gra-
dients within the sample.

The cell is thermostatized by circulating a heat-carrier fluid
through three flow lines directly managed into the cell. The heat-
carrier fluid is thermo-regulated with a temperature stability of
+0.01K by means of a thermostat bath circulator (Julabo MC).
The temperature is measured with a high precision thermometer,
Model PN 5207 with an accuracy of 0.01 K, connected to a calibrated
platinum resistance inserted inside the cell close to the sample. The
pressure is measured by a piezoresistive silicon pressure transducer
(Kulite) fixed directly inside the cell to reduce dead volumes, that
was previously calibrated and certified by an independent labora-
tory with IPAC accreditation, following the EN 837-1 standard and
with accuracy better than 0.2%.

Afixed amount of IL was introduced inside the cell, its exact mass
was determined by weighting, using a high weight/high precision
balance with an accuracy of 1 mg (Sartorius). In order to avoid any
interference of atmospheric gases during the manipulation, after
placing the IL inside the cell, it was kept under vacuum overnight,
while stirring and heating at 353 K.

The CO, was introduced under pressure from an aluminum
reservoir tank. Its mass was measured with the precision balance
and introduced into the measuring cell by means of a flexible high
pressure capillary.

After preparation of a mixture of known composition and the
desired temperature at low pressure was reached, the pressure
was then slowly increased at constant temperature until the sys-
tem becomes monophasic. The pressure at which the last bubble
disappears represents the equilibrium pressure for the fixed tem-
perature.

The purity of the IL is re-checked by NMR at the end of the
study to confirm that no degradation of the IL takes place during
the measurements.

3. Thermodynamic modeling and consistency

Valderrama and Alvarez [39] developed a thermodynamic con-
sistency test for systems with incomplete PTxy data, cataloging
them as thermodynamic consistent (TC), thermodynamic incon-
sistent (TI) or not full consistent (NFC). The authors analyzed the
difficulties normally found when modeling this type of mixtures
and proposed a methodology to analyze the experimental data,
concluding about their thermodynamic consistency or inconsis-
tency. Recently, Alvarez and Aznar [38,43] applied an extension
of this approach to several supercritical fluid +IL systems using a
method based on the Gibbs-Duhem equation, on the fundamental
phase equilibrium equation, and on the Peng-Robinson equation
of state [40], with the Wong-Sandler mixing rule [41] using the
UNIQUAC model [42] for the activity coefficient.

The test uses the Gibbs-Duhem equation expressed in the inte-
gral form, where the left-hand side is denoted as Ap and the
right-hand side as A¢, as it follows:

1
Ap=/md1’ )
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The values for Ap are obtained with experimental Py, data, and
the values for Ay are obtained with calculated values of Z, ¢; and
¥o. The subscripts 1 and 2 denote CO, and ionic liquid compounds,
respectively. The individual percent area deviation, AA;, is given as:

A =100 | e =P 3)
A,

where the subscript i refers to the ith data point. The quality of
the correlation was analyzed through the relative deviations in the
calculated pressure and solute concentration in the gas phase for
each point i, defined as:

peal _ pexp
AP; =100 (',;TJ) (4)
i
ycal 7y€XP
Ay, =100 [Zyeixpz (5)
2 i

The method implies the minimization of the deviations of Egs.
(3)-(5), setting as the objective function, OF, for the consistency test
the minimization of the deviations in VLE data and the individual
percent area deviation.

2
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where N is the number of data points, P is the pressure, yq,iq is
the vapor mole fraction of the supercritical fluid for data point i,
the superscripts “exp” and “cal” refers to the experimental and cal-
culated values, respectively, and o4, op and oy are the standard
deviations of those quantities. The experimental uncertainties in
the pressure data were used for op, the value 10-> for oy and the
value of Ap for o4. The minimization method was performed using a
geneticalgorithm code, implemented and fully explained in Alvarez
etal.[53]. The difference between experimental and calculated val-
ues was calculated as the average percent deviation, expressed in
absolute form, as follows:

100 {P,-“” —Pfqu

|ap| = = e 7
i=1 i
The isopleths were interpolated with the method proposed by
Alvarez and Aznar [43] and the results are shown in Table 1, for
the CO, +[C,mim][TF,N] system and for the CO, +[Csmim][TF;N]
system, respectively. The physical properties used in the model for
all substances are reported in Table 2.

4. Results and discussion

Although measurements were previously carried by us and oth-
ers in similar apparatuses [48-52], [C;mim][Tf,N] was selected to
validate the methodology and experimental procedure adopted in
this work and the measurements were compared against data by
Schilderman et al. [25]. High pressure binary vapor-liquid mixtures
data of CO, in ILs are scarce and significant discrepancies among
datafromdifferent authors [25,27,29] are commonin literature. The
identification of the data with the highest quality available in the
literature was carried using the thermodynamic consistency test
described above [43]. The most reliable data identified by Alvarez
and Aznar [38,43] were those by Schilderman et al. [25] for the sys-
tem CO, +[C,mim][Tf,N], where the isotherms at 313K, 323 K and
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Table 1

Interpolated VLE data for the system supercritical CO, (1)+[C;mim][Tf,N] (2) and CO; (1)+[Csmim][Tf,N] (2).

X1

T/K 0.221 0.327 0.418 0.503 0.56 0.606 0.65 0.7 0.75
€0, (1)+[C;mim][T2N] (2)
293.15 - - - - 2.935 3.437 3.942 4783
298.15 0.718 1.284 1915 2.699 3.342 3.922 4.540 5.520 19.065
303.15 0.830 1.453 2.178 3.049 3.784 4459 5.178 6.497 22.207
313.15 1.073 1.861 2.746 3.835 4.772 5.687 6.681 10.142 28.178
323.15 1341 2.293 3.372 4.724 5.899 7.121 8.561 14.477 33.729
333.15 1.634 2.757 4054 5.706 7.164 8.762 10.902 18.933 38.862
343.15 1.953 3.280 4792 6.770 8.568 10.608 13.585 23.085 43.575
353.15 2.297 3.849 5.587 7.907 10.110 12.660 16.464 27.039 -
363.15 2.666 4.406 6.439 9.105 11.791 14.919 19.429 30.832 -
X1
T/K 0.212 0.351 039 0453 0.619 0.654 0.701 0.751 0.802
€0, (1)+[Csmim][Tf2N] (2)
298.15 0.702 1.483 1.718 2.143 3.872 4429 5.205 8.065 29.980
303.15 0.807 1.664 1.905 2.393 4352 5.005 5.937 10.577 32.753
313.15 1.028 2.050 2.341 2,938 5.445 6.343 7.723 15.399 38.148
323.15 1.266 2.465 2.817 3.540 6.701 7.919 10.281 19.950 43.205
333.15 1520 2912 3.345 4195 8.103 9.717 13.185 24231 47.993
343.15 1.792 3.388 3.895 4.899 9.635 11.724 16.461 28.241 52.435
353.15 2.080 3.895 4447 5.647 11.280 13.925 19.720 31.981 56.153
363 K were found to be thermodynamically consistent. A compari-
son between our data and the data reported by Schilderman et al.
[25] showed a good agreement. Moreover, as will be shown below,
the data here measured was found to be essentially thermodynamic (a) 50
consistent. s 021 *
The solubility of carbon dioxide in the studied ILs was mea- = 0327 x
sured for mole fractions from (0.2 to 0.8), in the temperature range wl o 8:32 x
(293-363)K and pressures from (0.6 to 50)MPa, as reported in a 0560
Tables 3 and 4 and depicted in Fig. 2a and b. The temperature s ki
increase leads to an increase on the equilibrium pressure and by ~ 301 o 00 " ¢
increasing CO, concentration, the equilibrium pressures increase §- x 0750 o
gradually, at first, and rapidly for higher CO, contents. ot x o
Due to the presence of fluoroalkyl groups, Tf,N anion-based ILs, 20 4 x o o
are “CO,-philic”, meaning that they present higher CO, solubili- % " . i o
ties than other ILs resulting in lower equilibrium pressures for high | 5 o g : a
€O, mole fractions, as can be seen in Fig. 2. This behavior, yet poorly - o = o 2 A . *
understood, seems to be related to the interaction between the neg- ? § i § > e 3 )
ative fluorine atoms and the positive charge on the carbon of the 0 % . i 1 1 i ‘ . a
€O, molecule [21,22]. 280 300 320 340 360 380
It is known that the substituents on the imidazolium ring
can affect the ILs properties [23,24,44,47,54-57]. For CO,, a slight T
increase on solubility can be observed with the alkyl chain length ®©) 60 T "
at all pressures as shown in Fig. 3 [11,21,23,25]. Nonetheless, in - 0351 .
the Tf,N-based ILs, the alkyl chain length on the imidazolium ring s0{ 2 2% .
seem to have a lower influence on the solubility than other IL o 0619
families, even for higher CO, concentrations [21,25]. Kazarian et o 0654 *
R i 401 « o701 .
al. [58], using ATR-IR spectroscopy, suggested that the increase . 0751 .
in solubility is not related to any specific interactions between g o 0802 o .
the CO, and the cation. Shariati et al. [23] and Aki et al. [21] 2 301 . .
P -
20 A . . *
Table 2 . . ¥ o B
Properties of the substances used in the modeling. 104 i i o g ° °
Compound Te/K Pe/MPa ® ii q 3 ; F 5 z : s A H
o, 304212 7.38 0.2236° 3.26° 2.38¢ 0 8 & ¢ § X x X e
[Comim][Tf,N] 121422> 337 02818 2877 18.16¢ 280 300 320 340 360 380
[Csmim][Tf,N] 1249.43> 263" 04123>  3423¢  21.84°
: T (K)
[61].
b [62]. Fig. 2. Pressure-temperature diagram of the binary systems (a)
€ [38]. CO, +[Csmim][Tf,N] and (b) CO +[C;mim][Tf,N].
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Table 3
Bubble point data for the system CO; (1) +[C;mim][Tf,N] (2).
X1 TIK p/MPa X1 T/K p/MPa X1 T/K p/MPa X1 T/K p/MPa X1 T/K p/MPa
0221 29365  0.620 0327 29324 1130 0418 29350  1.688 0503 29350 2398 0560 29241 2.879
0221 29852 0725 0327 29850  1.295 0418 29855  1.945 0503 29829 2706 0560 29824 3.351
0221 30325 0837 0327 30341 1.462 0418 30348  2.185 0503 30341  3.076 0560  303.11 3.778
0221 31359 1083 0327 31332 1868 0418 31332 2745 0503 31324  3.845 0560  313.22 4780
0221 32339 1345 0327 32313 2292 0418 32310  3.365 0503 32327 4725 0560  323.07 5.883
0221 33315 1645 0327 33317 2758 0418 33323 4054 0503 33316 5708 0560  333.16 7.173
0.221 34325 1.957 0.327 34327 3.287 0.418 343.30 4.836 0.503 343.11 6.769 0.560 343.19 8.569
0.221 353.10 2.276 0.327 353.16 3.850 0.418 353.02 5.565 0.503 353.18 7.912 0.560 353.14 10.115
0.221 363.23 2.680 0.327 363.19 4.408 0.418 363.17 6.436 0.503 363.35 9.128 0.560 363.34 11.821
X1 TIK p/MPa X1 T/K p/MPa X1 TIK p/MPa X1 T/K p/MPa
0.606 292.60 3.387 0.650 292.16 3.825 0.700 292.82 4736 0.750 293.44 16.076
0.606 29829 3.942 0.650 297.70 4485 0.700 298.15 5.520 0.750 298.09 19.048
0.606 303.46 4506 0.650 303.54 5.230 0.700 30330 6,535 0.750 30326 22.130
0.606 313.30 5.686 0.650 31335 6.715 0.700 313.24 10.180 0.750 313.19 28.187
0.606 323.11 7.103 0.650 323.10 8.550 0.700 323.09 14.450 0.750 323.14 33.787
0.606 332.88 8.695 0.650 333.16 10.905 0.700 333.04 18.885 0.750 333.08 38.898
0.606 343.13 10.649 0.650 343.08 13.565 0.700 343.15 23.085 0.750 343.29 43.565
0.606 353.07 12.650 0.650 353.05 16.435 0.700 853927 27.066 0.750 353.08 47.850
0.606 363.55 14.996 0.650 363.22 19.450 0.700 363.22 30.858
Table 4
Bubble point data the system CO; (1)+[Csmim]|[Tf,N] (2).
X1 TIK p/MPa X1 T/K p/MPa X1 T/K p/MPa X1 T/K p/MPa X1 T/K p/MPa
0212 29865  0.720 0351 29877 1517 0390 29865 1736 0453 29870  2.152 0619 29855 3915
0212 30361 0799 0351 30334 1675 0390 30339 1915 0453 30338 2395 0619 30333 4360
0212 31315 1.044 0351 31321 2031 0390 31299 2334 0453 31285 2927 0619 31290 5.426
0212 32335 1252 0351 32305 2468 0390 32252 2785 0453 32262 3512 0619 32272 6.645
0212 33325 1525 0.351 33285 2894 0390 33254 3312 0453 33307 4218 0619 33250 7.984
0.212 343.00 1.780 0.351 343.19 3.398 0.390 342.47 3.858 0.453 342.53 4.839 0.619 343.04 9.650
0.212 353.49 2.124 0.351 353.26 3.907 0.390 352.85 4430 0.453 352.65 5.598 0.619 352.86 11.212
0212 36329 2370 0351 36268 4400 0390 36305  5.050 0453 36305 6430 0619 36295  12.990
0212 29375 0618 0351 29365 1322 0390 29373  1.564 0453 29375 1943 0619 29375 3.486
X1 T/K p/MPa X1 T/K p/MPa X1 T/K p/MPa X1 T/K p/MPa
0.654 298.47 4.460 0.701 298.45 5245 0.751 298.42 8365 0.802 298.37 30.098
0.654 303.32 5.030 0.701 303.49 5.990 0.751 30338 10.625 0.802 303.38 32.881
0.654 313.00 6344 0.701 313.19 7.732 0.751 313.57 15.435 0.802 293.30 27.460
0.654 322.96 7.870 0.701 322.85 10.198 0.751 32334 19.995 0.802 313.44 38.299
0.654 333.56 9.778 0.701 333.28 13.225 0.751 333.11 24.280 0.802 323.19 43225
0.654 343.37 11.776 0.701 343.08 16.438 0.751 343.05 28.266 0.802 333.08 47.960
0.654 353.30 13.980 0.701 353.06 19.692 0.751 353.20 32.086 0.802 343.14 52431
0.654 362.95 16.246 0.701 363.12 22.730 0.751 363.11 35340 0.802 353.13 56.146
0.654 293.76 3.974 0.701 293.43 4617 0.751 293.42 5.609 0.802 363.29 59.805
explained this phenomenon based on entropic rather enthalpic
70 considerations, due to the decrease of the compounds densities
o (Comin](THN]at293 K with the increase of the alkyl chain length leading to a greater free
601 o [Cmiml[TE,N at363K 9 volume.
s [Csmim][THN] at 293K The results of the application of the thermodynamic consistency
50 4 o [Csmim][TE,N] at 363 K test to the binary systems containing ionic liquid is presented in
Table 5.Inthis table, NPis the number of data points, Tis the temper-
= 40 A ature, k12, A1z and Ay are the interaction parameters of the model,
E where 1 stands for the CO, and 2 for the ionic liquid. This table is
& 30 A ° . divided in sections for each system studied. The consistency analy-
" ses for the CO; +[C,mim][Tf,N] system measured by Schilderman
20 A o etal. [25] at 363.15K are also reported here.
o, ° Some detailed results are shown in Tables 6-8. These tables
10 - 5 are divided in two parts, the upper part shows the original data
. 008 ?® . e ® set, while the lower part shows the remaining data after removing
. . .
0 - LA AL - - - some experimental points that have been found to be thermody-
0.1 02 03 04 05 06 07 08 09 namically inconsistent. Table 6 also includes the detailed results for
X the system CO, +[Comim][Tf,N] at 363.15K by Schilderman et al.

co,

Fig. 3. Pressure-composition diagram of CO; in [C,mim][Tf,N].
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[25]. These data have deviations within the established limit val-
ues of AA;, being thermodynamically consistent. In Table 7, where
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Table 5
Results of the consistency test.
Reference NP T/K k12 Arz/K] kmol! Az1/k] kmol ! |Apl[% Result
€O, +[C;mim][TfN]
[17] 8 363.15 —-0.1904 3767.474 —1202.621 0.7 e
4 293.15 -0.222 49988.291 —1791.751 0.5 TC
g 298.15 0.0057 20355.366 -2001.440 24 NFC/TC
9 303.15 —0.0090 8795384 —1923.852 20 NFC/TC
9 313.15 0.0204 5854.406 —1747.716 1.1 NFC/TC
[This work] ¢) 323.15 0.0108 4879.271 —1604.227 1.0 NFC/TC
9 333.15 0.0038 4323.089 —1491.756 14 NFC/TC
9 343.15 —0.0077 3830.967 —1359.963 1.6 NFC/TC
8 353.15 —0.1468 3458.742 —1158.891 0.5 TC
8 363.15 -0.1317 3048.107 —1016.976 0.8 e
CO; +[Csmim][Tf;N]
9 298.15 0.0639 2642.548 -854.215 1.6 NFC/TC
9 303.15 0.0606 2477.849 -773.810 43 NFC/TC
¢) 313.15 0.0489 2232933 —637.261 19 NFC/TC
[This work] g 323.15 0.0364 2057.406 —528.352 24 NFC/TC
9 333.15 0.0247 1907.507 -429.010 2.8 NFC/TC
9 343.15 0.0195 1805.985 —356.494 219 NFC/TC
9 353.15 0.0172 1728.749 —298.579 3.0 TI
Table 6
Detailed results for CO; (1) +[C;mim][Tf,N] (2) at 298.15K.
AP A¢ %AAi pexp pcal %Ap n cal yzcal X1
(8 data points) ki, = —0.1904, A1, = 3767.474, Ay = —1202.621, | Ap|(%)=0.7
10865327.5 10387930.5 -44 1.303 317 1.1 1.0000 0.0000 0.1230
5441391.3 5567544.7 23] 2.543 2.514 -1.1 1.0000 0.0000 0.2120
2379790.2 2291077.1 =37 4.036 4.044 0.2 1.0000 0.0000 0.3030
701940.6 703925.0 03 6.023 5.988 -0.6 1.0000 0.0000 0.3920
78335.4 73487.2 -6.2 8.569 8.602 0.4 1.0000 0.0000 0.4790
31674.7 32701.5 32 10.258 10.213 -04 1.0000 0.0000 0.5190
4092.1 3503.8 -144 12.832 12.973 1.1 1.0000 0.0000 0.5700
- - - 14.770 14.676 -0.6 0.9999 0.0001 0.5930

detailed results at 298.15 K for the system CO, +[C,mim][Tf,N] are
presented, the upper part shows that these data have deviations in
the final values of AA; (bold and italic type) outside the established
limits; the lower part shows that when the highest area devia-
tion is eliminated, the deviations for the remaining eight points
are within the defined limits of +20%. Therefore, although the orig-
inal data set with nine data points is not fully thermodynamically
consistent, the new set with the remaining eight points is ther-
modynamically consistent; however, the xco, = 0.606 point has
a good probability to be inconsistent, because two AP;<5 yields
AA;>10.

The same procedure is applied for the data of the system
CO, +[Csmim][Tf,N], at 298.15, reported in Table 8. Again, although
the original data are not fully consistent, the remaining eight points,
after removing one data point, are within the defined limits of —20%
to +20%, which are thermodynamically consistent. Detailed results
for all systems are shown in Supplementary Information. These
results show that the CO, +[C;mim][Tf,N] system has greater devi-
ations in the isopleths at x; =0.75, while the CO + [Csmim][Tf,N]
system has greater deviations in the isopleths at x; =0.751 and
x1=0.802. Therefore, the isotherms with these compositions are
not fully consistent.

Table 7

Detailed results for CO, (1) +[C;mim][Tf,N] (2) at 298.15K.

Ap A¢ %AAi pexp pcal %Ap i cal yzcal X1

(9 data points) ki =0.0057, A1z = 20355.366, Ay = —2001.440, | Ap|(%)=2.4

5.81E+09 59SEH09) -9.9 0.718 0.763 6.3 1.0000 0.0000 0.221
4.34E+09 4.09E+09 -5.7 1.284 1.294 0.8 1.0000 0.0000 0.327
3.48E+09 3.30E+09 -5.2 1915 1.889 -14 1.0000 0.0000 0.418
1.80E+09 1.82E+09 0.6 2.699 2.619 -3.0 1.0000 0.0000 0.503
1.09E +09 1.21E+09 103 3.342 3.248 -28 1.0000 0.0000 0.560
7.81E+08 9.40E+08 203 3.922 3.874 -12 1.0000 0.0000 0.606
7.69E+08 8.71E+08 134 4.540 4.618 L7 1.0000 0.0000 0.650
3.56E+14 2AESAS 511.2 5.520 57159 43 1.0000 0.0000 0.700
- - - 19.065 18.939 -0.7 1.0000 0.0000 0.750
(8 data points) ki =0.2655, A1 =2013.583, Ay; = —993.493, |Ap|(%)=2.4

7.39E+09 6.72E+09 -9.2 0.718 0.754 5.0 1.0000 0.0000 0.221
6.19E+09 5.88E+09 -5.0 1.284 1.283 -0.1 1.0000 0.0000 0.327
5.45E+09 5.20E+09 —4.5 1LE15 1.877 -19 1.0000 0.0000 0.418
2.99E+09 3.01E+09 0.9 2.699 2.609 -34 1.0000 0.0000 0.503
1.79E+09 1.97E+09 10.0 3.342 3.237 -3.1 1.0000 0.0000 0.560
1.16E+09 1.38E+09 188 3.922 3.859 -16 1.0000 0.0000 0.606
8.25E+08 9.02E+08 9.3 4.540 4.589 1.1 1.0000 0.0000 0.650
- - - 5.520 5.673 2.8 1.0000 0.0000 0.700
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Table 8
Detailed results for CO, (1)+[Csmim][Tf,N] (2) at 298.15K.
Ap AzD %AAi pexp pcal %Ap ylcal yzca] X1
(9 data points) ki =0.0639, A, = 2642.548, A;; = —854.215, |Ap|(%)=1.6
11E+12 9.85E+11 -1.3 0.702 0.728 By 1.0000 0.0000 0.212
1.96E+11 212E+11 8.0 1.483 1.431 -35 1.0000 0.0000 0.351
2i57ERal 2.82E+11 €7 1.718 1.677 -24 1.0000 0.0000 0.390
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Fig. 4. PT diagram and modeling for the system CO, +[C,mim|[Tf,;N].

InFigs.4 and 5 the description of the experimental data using the
model detailed above and the parameters reported in Tables 1 and 9
for the CO, +[Comim][Tf;N] and CO, +[Csmim][Tf,N] systems is
presented. As can be seen, using the proposed approach it is pos-
sible to obtain a very good description of the experimental data
measured in this work.

The Henry's law relates the amount of a given gas dissolved in a
given type and the amount of liquid, at a constant temperature, to
the fugacity of that gas in equilibrium with that liquid and can be
described as

f.L
Hyp(T, P) = limy, o=~ (8)
X1
where Hy(T,P) is the Henry’s constant, x; is the mole fraction of gas
dissolved in the liquid phase, and flL is the fugacity of gas in the lig-
uid phase. As shown, Eq. (8) is only rigorously valid in the diluted

Fig. 5. PT diagram and modeling for the system CO, +[Csmim][Tf,N].

region limit. The Henry’s constant for the CO, in the ILs investi-
gated, were estimated by fitting the PR-WS/UNIQUAC model to the
data and calculating the limiting slope as the solubility approaches
zero.

The results are shown in Table 10, where, |AP| is average
absolute deviations for pressure and Hj, is the Henry's constant
calculated. For one additional validation of the calculated Henry’s
constant for the CO, +[Comim][Tf,N] binary system, Henry’s con-
stant at 298.15K and 3.56 MPa, taken from Schilderman et al.
[25], was included showing good agreement with linear tendency
obtained in this work. The results indicate that Henry’s constant
decreases slightly (i.e., CO; solubility increases) as the length of the
carbon chain on the imidazolium ring increases.

The results for the Henry’s constant of CO, in [C;mim][Tf;N]
(where the calculated value 3.56 MPa at 298.15 Kwas included [25])
and CO, in [Csmim][Tf,N] were correlated as a function of temper-

Table 9

Estimated independent-temperature interaction parameters for the CO, (1)+ILs (2) systems.

System NP X ki Az /K] kmol ! Az [k kmol~! |Ap| (%) Max y,2
CO, +[Comim][Tf,N] 72 0.221-0.700 0.1061 4224.889 —1556.505 28 515)
CO, +[Csmim][TfyN] 63 0.212-0.751 0.0113 2613.005 —785.272 3.0 1.8

2 These values are expressed as y x 10°.
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Table 10
Interaction parameter for the model and Henry’s constant of CO, (1) +ionic liquids

(2).

T/K |Apl[% Hiz/MPa
€O, +[Comim][Tf,N] kjj =0. 0077, Ay, =2284.160, Ay = -723.030
313.15 0.7 4.66
828815 0.7 5.50
83345 0.7 6.40
343.15 0.8 7.36
B5BH5 0.8 8.37
363.15 0.8 943
€0, +[Csmim][TE,N] k; =0.0113, Ay = 2613.005, Ay = —785.272
298.15 2] 2.88
303.15 Al 3.18
313.15 1.8 3.81
323.15 2.6 4.49
BEaHS 33 5.24
343.15 38 6.03
Table 11
Coefficients A, B and C obtained for CO, (1)+ionic liquids (2).
lonic liquid (%) A B C |AHq|
[Comim][TEN] ~153854.908 —685.377 5.298 0.1
[Csmim][TE,N] ~189365.718 —488.274 4827 0.04
ature by an empirical equation of the type:
INZ 1
ln(le):A<T> +B(T>+C 9)

where, the coefficients A, B and C obtained are listed in Table 11,
together with the Henry's constant average absolute deviations,
|AHyy|, obtained for each ionic liquid. The average deviation of
0.1% and a maximum deviation of 0.1% for [C;mim][Tf,N] and an
average deviation of 0.04% and a maximum deviation of 0.04% for
[Csmim][Tf,N] were obtained.

The effect of temperature on CO solubility can be related to the
partial molar entropy and partial molar enthalpy of solution [59]
and can be calculated from an appropriate correlation of Henry’s
constant:

dln(Hy,)
ASOIH:R(W),, (10)
_ 31[1(1‘112)
AgolS = _R<8(1—/T)>P (11)
Table 12

Thermodynamic functions of solvation for CO, (1)+ionic liquids (2) at several
temperatures.

T/K AsoiH]J mol~! TAsqiS/(J(mol 1))
[Comim][Tf,N]

298.15 -14279.3 —14162.1
303.15 —-14137.8 —14096.5
BIBHS -13868.3 —-13872.5
323.15 —-13615.5 —13669.2
333.15 -13377.8 —13425.9
343.15 -13154.0 -13177.0
353.15 -12942.9 —12890.0
363.15 -12743.4 —-12601.3
[Csmim][Tf;N]

298.15 —-14621.1 —14549.7
303.15 —14446.9 —14429.9
313.15 —-14115.2 —-14123.1
82885 -13804.0 -13830.8
333.15 —-13511.5 —13492.6
343.15 -13236.1 —-13142.6

250

The partial molar enthalpy of gas dissolution gives an indication
of the strength of interactions between the gas and IL, while the
partial molar entropy illustrates the amount of ordering present
in the gas/IL mixture. The partial molar enthalpy values obtained
are similar to those reported by Brennecke’s group [21,33] and
the magnitude consistent with physical absorption. The results in
Table 12 show that although the partial molar enthalpy is slightly
higher than the product of the temperature and the partial molar
entropy they are of similar magnitude indicating that the solubil-
ity of CO; in ILs is not entropically driven, as suggested by some
authors [22,28,60], neither essentially an enthalpic phenomena,
as suggested by others [18,31], but both phenomena control the
solubility of CO; in ILs.

5. Conclusions

A high pressure cell to measure supercritical fluid +liquid
phase behavior was developed and new experimental
data for CO, solubility in 1-ethyl-1-methyl-imidazolium
bis(trifluoromethylsulfonyl)imide and  3-methyl-1-pentyl-
imidazolium bis(trifluoromethylsulfonyl)imide in a wide range
of temperature, pressure and carbon dioxide mole fractions are
reported.

A thermodynamic consistency test based on the Peng-Robinson
EoS with the Wong-Sandler/UNIQUAC mixing rule was applied to
the measured data showing that they are thermodynamically con-
sistent. The model allows a good description of the experimental
data and the estimation of the Henry’s constant for these systems.
The partial molar enthalpies and the product of the temperature
and the partial molar entropies for these systems are of similar
magnitude what allows to conclude that this solubility is not driven
predominantly by entropic or enthalpic phenomena, as previously
admitted by various authors.
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The acidity/basicity of the reaction media has a substantial influence on the efficiency of many reac-
tive processes; therefore, a new class of acidic or basic ionic liquids is gaining special attention due to
the possibility of increasing the efficiency of many processes by a wise manipulation of their proper-
ties. The absorption of sour gases is one of the processes that can be enhanced by the basic character
of the ionic liquid. The fluorination of the cation or anion can also contribute to the gas solubility
enhancement. In this work, these two characteristics are evaluated and compared through the study of
gas-liquid equilibrium of two ionic liquids, 1-butyl-3-methylimidazolium dicyanamide ([C4mim][DCA])
and 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([C4mim][Tf,N]), with carbon diox-
ide (CO;) at temperatures up to 363 K and pressures up to 74 MPa.

A thermodynamic model based on the Peng-Robinson equation of state with the Wong-Sandler mixing
rule, using the UNIQUAC model for the activity coefficients, was used to describe the experimental data
and for the estimation of the Henry’s constants.

The solubility of CO, in 1-butyl-3-methylimidazolium dicyanamide is much lower than anticipated on
the basis of the reported pK, of the anion when compared with the acetate anion. No chemisorption is
observed and the solvation enthalpy is quite low, ruling out any Lewis acid/base interaction between
the anion and the CO,. The 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ionic liquid,
known to present one of the highest solubilities towards CO, due to the presence of fluoroalkyl groups,
showed a much larger solubility for CO, than 1-butyl-3-methylimidazolium dicyanamide.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

of sour gases like CO,, H,S and SO, is one of the most excit-
ing and of increasing interest [8,9,11-27]. The development of

Acidic or basic ionic liquids (ILs) represent new classes of acids
or bases. The study of the acidity/basicity of these task-specific
ionic liquids is of great importance since the efficiency of many
processes depends on the acidity/basicity of the media or can be
controlled by it. These compounds aptness for the fine tuning of
their properties through an endless combination of cations and
anions, cataloging them as designer solvents, allow the design of
solvents for the development of more efficient and sustainable
processes and products. From the wide range of applications envi-
sioned for ILs, such as catalysts for acid-catalyzed organic reactions
[1,2], hydrosilation processes [3], lubricants [4], performance addi-
tives [5], media for metal-catalyzed reactions [6], their use as
CO,-selective separation media [7-10] for capture/sequestration
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E-mail address: jcoutinho@ua.pt (J.A.P. Coutinho).

0896-8446/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016j.supflu.2009.05.008

improved, highly efficient and economically viable separation and
storage processes is gaining a special interest both by academia
and industry. Nonetheless, and despite of the promising prop-
erties of ILs, further research is still required in order to make
this neoteric solvents feasible candidates for these applications.
Being a key parameter in the design of equilibrium stage- and
rate-based separations, reliable gas solubility data is of great
interest and a fundamental step towards the development of
industrial applications, either by the data itself or by developing
predictive and simulation tools to aid in such applications develop-
ment.

Crowhurst et al. [28] reported that the hydrogen bond basicities
of ILs are controlled by the anion, while the hydrogen bond dona-
tion behavior is dominated by the hydrogen bond basicity of the
anions with a smaller contribution from the hydrogen bond acid-
ity of the cation. Therefore, changing to more basic anions leads to
a dramatic drop in the acidity. Based on the Pearson’s “hard and
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soft acid/base” principles, allowing a strong affinity towards CO,,
Pennline et al. [29] screened quaternary ammonium polyether ILs
as potential solvents for CO, capture. In a previous work [12], fol-
lowing the works by Shiflett et al. [26] and Yokozeki et al. [30],
imidazolium-based IL with the acetate and trifluoroacetate anions
were studied by our group. The acetate ion was shown to present
a chemical absorption behavior for low CO, mole fractions (mole
fractions<0.3) and ab initio calculations and *C HRMAS NMR
spectroscopy provided a deeper understanding of the CO,-acetate
interactions [12].

In the wake of this previous work [12], the purpose of the present
study is to further explore the basicity of the anion as a mean to
enhance the absorption of carbon dioxide by the ionic liquids. For
that purpose, following the suggestion of MacFarlane et al. [31] that
dicyanamide would be a basic anion (the pKj, 5.1, for dicyanoamine
reported by MacFarlane is higher than the pK, for the acetic acid,
4.75), a dicyanamide anion based ionic liquid was chosen here to
further investigate the effect of the anion basicity on the solva-
tion of CO,. The 1-butyl-3-methylimidazolium dicyanamide was
thus selected for that purpose and the solubility of the CO, in
this IL is compared to that in the 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ionic liquid, also studied here
and known to present one of the highest solubility towards CO, due
to the presence of fluoroalkyl groups. Both systems were measured
at temperatures up to 363 K and pressures up to 74 MPa.

The Peng-Robinson equation of state [32] with the
Wong-Sandler/UNIQUAC mixing rule [33] using the UNIQUAC
model [34] for the activity coefficients, was used to model the
experimental data measured in this work.

2. Experimental
2.1. Materials

Two ILs based on the 1-butyl-3-methyl-imidazolium cation,
1-butyl-3-methyl-imidazolium bis(trifluoromethylsulfonyl)imide,
[C4mim][Tf;N] and 1-butyl-3-methyl-imidazolium dicyanamide,
[C4mim][DCA], were used in this study. All compounds were
acquired at [oLiTec with mass fraction purities higher than 99% and
bromide impurity mass fraction lower than 10~4. The purities stated
by the supplier, of each ionic liquid, were checked by 'H NMR, 3C
NMR and '°F NMR.

It is well known that the phase equilibria and thermophysi-
cal properties of ILs are greatly influenced by their water content
[35-38].Blanchard et al. [16] reported that minor amounts of water,
dissolved in [C4mim][PFg], lead to a reduction of 77% on the CO, sol-
ubility. Later, in a systematically study on the influence of water on
the solubility of CO, for the same compound, Fu et al. [39] reported
aless pronounced though significant influence, <15%. Furthermore,
being an active proton acceptor, water can dramatically increase the
degree of dissociation of an acid in a neutral ionic liquid. Similarly,
in a neutral IL the state of a base will be altered by the presence
of water and in a basic IL, water will be at least partly dissoci-
ated producing OH~ [31]. These reports made researchers aware
of the importance of implementing purifying procedures prior to
the measurements. Thus, in order to reduce to negligible values
both water and volatile compounds, vacuum (0.1 Pa), stirring and
moderate temperature (353 K), for a period of at least 48 h, were
applied prior to the measurements. The final IL water content was
determined with a Metrohm 831 Karl Fischer coulometer, indicat-
ing a water mass fraction of (44 and 28) x 106 for [C4mim][Tf,N]
and [C4mim][DCA], respectively.

The carbon dioxide (CO;) was acquired from Air Liquide with
a purity of >99.998% and H,0, O,, ChHp, Ny and H, impurities
volume fractions lower than (3, 2, 2, 8 and 0.5) x 10~ respectively.

2.2. Experimental equipment

The high pressure equilibrium cell used in this work is based on
a cell designed by Daridon and co-workers [40-44] using the syn-
thetic method. Both the apparatus and the methodology followed
here were fully described in previous works [11,12], and shown to be
adequate to accurately measure vapor-liquid phase equilibrium in
a wide range of pressures and temperatures [ 11,12,40-44]. The high
pressure equilibrium cell consists of a horizontal hollow stainless-
steel cylinder, closed at one end by a movable piston and at the
other end by a sapphire window. This window, along with a sec-
ond window on the cell wall through which an optical fiber lights
the cell chamber, allows the operator to follow the behavior of the
sample with pressure and temperature. The orthogonal position-
ing of both sapphire windows minimizes the parasitic reflections
and improves the observation in comparison to axial lighting. A
small magnetic bar placed inside the cell allows the homogeniza-
tion of the mixture by means of an external magnetic stirrer. The
presence of the magnetic stirrer, as well as the cell reduced vol-
ume, help to minimize the inertia and temperature gradients within
the sample. The cell is thermostatized by circulating a heat-carrier
fluid through three flow lines directly managed into the cell. The
heat-carrier fluid is thermo-regulated with a temperature stability
of £0.01K by means of a thermostat bath circulator (Julabo MC).
The temperature is measured with a high precision thermometer,
Model PN 5207 with an accuracy of 0.01 K, connected to a calibrated
platinum resistance inserted inside the cell close to the sample. The
pressure is measured by a piezoresistive silicon pressure transducer
(Kulite) fixed directly inside the cell to reduce dead volumes, that
was previously calibrated and certified by an independent labora-
tory with IPAC accreditation, following the EN 837-1 standard and
with accuracy better than 0.2%.

Afixed amount of ILwas introduced inside the cell, its exact mass
was determined by weighting, using a high weight/high precision
balance with an accuracy of 1 mg (Sartorius). In order to avoid any
interference of atmospheric gases during the manipulation, after
placing the IL inside the cell, it was kept under vacuum overnight,
while stirring and heating at 353 K.

The CO, was introduced under pressure from an aluminum
reservoir tank. Its mass was measured with the precision balance
and introduced into the measuring cell by means of a flexible high
pressure capillary.

After preparation of a mixture of known composition and the
desired temperature at low pressure was reached, the pressure
was then slowly increased at constant temperature until the sys-
tem becomes monophasic. The pressure at which the last bubble
disappears represents the equilibrium pressure for the fixed tem-
perature.

The purity of the IL is checked again by NMR at the end of the
study to confirm that no degradation takes place during the mea-
surements.

2.3. Thermodynamic modeling

As in previous works [11,12] we have applied the Peng-Robinson
equation of state [32]:

RT am

P= -
V—bm V(V+bn)+b(V—bp)

(1)

where the constants a;; and by, are expressed as functions of con-
centration of the different components in the mixture through the
Wong-Sandler mixing rule [33]:

ZiZinxj(b = (a/RT)),}

b = T3 GryaalbyRT) — (AL, [S2KT)

2)
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in these equations, an,, and by, are the EoS constants, §2=0.34657,
and the excess Helmholtz free energy at the limit of infinite pres-
sure, that is calculated assuming that AE, ~ AL ~ GE where GE is the
excess Gibbs free energy at the limit of zero pressure calculated
here using the UNIQUAC model [34].

The correlation of the experimental data was carried by the min-
imization of the objective function, OF, for

N
pcal _ pexp
OF = Z {—op }
i=1

where N is the number of data points, P is the pressure, the super-
scripts “exp” and “cal” refers to the experimental and calculated
values, respectively, and op is the standard deviation of pressure.
The experimental uncertainties in the pressure data were used for
op. The minimization method was performed using a genetic algo-
rithm code, implemented and fully explained in Alvarez et al. [45].
The difference between experimental and calculated values was
calculated as the average percent deviation, expressed in absolute
form, as follows:

N exp

100~ [P - P

ELEEDY {W (6)
i=1 !

()

2

1

Furthermore the proposed model was applied, in the diluted region
limit, to determine the Henry’s constant for the studied systems.

3. Results and discussion

The solubility of carbon dioxide in the studied ILs was mea-
sured for mole fractions ranging from 0.2 to 0.8, in the temperature
range 293-363 K and pressures from 0.6 to 74 MPa, as reported in
Tables 1 and 2 and depicted in Fig. 1. A temperature increase leads
to an increase on the equilibrium pressures and by increasing CO,
concentration, the equilibrium pressures increase gradually, at first,
and rapidly for higher CO, contents as also observed previously for
other ILs [11,12].

of carbon dioxide concentrations, pressures and temperatures, as
depicted in Fig. 2. For the system CO, +[C4mim][Tf,N] a good agree-
ment is observed with the data by Shin et al. [46] for CO, mole
fractions below 0.7. Above these concentrations, their data is scarce
and ours provide a mode detailed view of the phase diagram. The
data by Anthony et al. [15] for this system is available only in the
low pressure region and seems to present some deviations from
both the data reported here and by Shin et al. [46]. For the sys-
tem CO, +[C4mim][DCA] only three isotherms below 10 MPa were
reported by Aki et al. [13]. A good agreement is obtained with this
datain the lower pressure region while again the data reported here
provide a more complete description of the phase diagram for high
pressures.

Contrary to what was expected, the higher basicity charac-
ter of the dicyanamide anion, compared to the bis(trifluorome-
thylsulfonyl)imide, as expressed in their pK, values, does not
enhance the CO, solubility as was previously observed with the
acetate anion. The explanation for this fact seems to be that, as
shown previously [12], the solubility of CO, on an IL is enhanced by
a Lewis acid/base interaction between the gas and the anion. The
dicyanamide, in spite of its large pK, value, seems however to be a
much weaker Lewis base than the acetate anion.

3.1. Henry'’s constants

The results of the application of the thermodynamic modeling
to the binary systems containing ionic liquids studied in this work
are presented in Table 3 for all the experimental data. In this table,
Tis the temperature, k13, A1 and A; are the interaction parameters
of the model, where 1 stands for the CO, and 2 for the ionic liquid.
This table is divided in sections for each system studied. The phys-
ical parameters used in the thermodynamic model are reported
in Table 4 while the interaction parameters used are presented
in Table 3. The proposed model, with temperature independent
parameters, was applied to describe the experimental data and esti-
mate the Henry’s constant for the studied systems. As depicted in
Fig. 3 the model describes well the experimental data for pressures
below 30 MPa. Above this pressure higher deviations are observed.

The Henry’s law relates the amount of a given gas dissolved in
a given type and volume of liquid, at a constant temperature, to
the fugacity of that gas in equilibrium with that liquid and can be
described as

: ; : L
The experimental data reported here is generally in agreement Hix(T, P) = limy ofi ™)
y i s e - i k= -

with those available in literature, covering however a wider range 70X
Table 1
Bubble point data of the system CO, (1)+[C4mim][Tf,N] (2).
xi T/K P[MPa  x T/K PMPa  x T/K PMPa  x T/K P[MPa X T/K P[MPa
0.231 29265 0629 0319 29321 0915 0404 29353 1410 0503 29322  1.997 0602 29327 3.052
0.231 30318 0786 0319 303.05 1223 0404  303.10 1.812 0503 30312  2.568 0602  303.31 3.962
0.231 313.32 1.050 0319 313.19 1.540 0404  313.17 2273 0503 31310 3.196 0.602 313.13 4912
0.231 32322 1303 0319 32327 1.892 0404 32326 2787 0503 32320  3.909 0602 32313 6.015
0.231 333.19 1574 0319 333.17 2283 0404 33323 3316 0503 33312 4670 0602 33320 7.269
0.231 34300  1.874 0.319 34287  2.682 0404  343.11 3.897 0503 34324 5499 0602  343.02 8.675
0.231 35320 2179 0319 35309  3.121 0404 35312 4512 0503  353.17 6.412 0602 35320  10.196
0.231 36326 2485 0.319 36319  3.579 0404  363.17 5.156 0503  363.18 7.372 0.602 36323 11.776
x T/K P[MPa x T/K P[MPa X T/K P[MPa x T/K P[MPa
0.701 29337 4433 0.749 29332 5.907 0.771 293.42 12.829 0.801 29326 33.263
0.701 303.19 5.880 0.749 303.19 10812 0.771 30331 18.726 0.801 303.19 39373
0.701 313.11 7.860 0.749 313.12 15.810 0.771 313.23 23.943 0.801 313.25 44.740
0.701 323.09 10.215 0.749 323.11 20.543 0.771 323.13 28.960 0.801 323.30 49.990
0.701 333.10 13.150 0.749 333.17 25.124 0.771 333.28 33.693
0.701 343.25 16.144 0.749 34320 29.205 0.771 343.08 38.081
0.701 353.14 19.437 0.749 353.09 33219 0.771 353.22 42,030
0.701 362.99 22.468 0.749 363.18 36.365 0.771 363.25 46.010

254



108 PJ. Carvalho et al. / ]. of Supercritical Fluids 50 (2009) 105-111

Table 2

Bubble point data of the system CO, (1)+[C4mim][DCA] (2).

X1 T/K P[MPa X1 TIK P|MPa X1 T/K P|MPa X1 T/K P/MPa X1 TIK P/MPa
0.200 293.36 1.018 0.300 293.50 1.980 0.410 293.38 3.015 0.507 293.44 4.496 0.601 293.41 32.606
0.200 303.45 1.360 0.300 303.40 2.590 0.410 303.45 3.950 0.507 30291 6.056 0.601 303.14 39.866
0.200 313.36 1.771 0.300 313.06 3.230 0.410 313.32 5.088 0.507 313.03 8.856 0.601 313.17 46.749
0.200 322.94 2.260 0.300 323.04 4.005 0.410 32347 6.395 0.507 322.93 13.184 0.601 323.07 53.174
0.200 332.72 2.644 0.300 333.28 4.860 0.410 333.13 7.743 0.507 33321 17.566 0.601 333.15 59.007
0.200 343.12 3.108 0.300 343.34 5.776 0.410 343.01 9.452 0.507 343.12 21.750 0.601 343.17 64.217
0.200 353.09 3.745 0.300 353.10 6.722 0.410 353.13 11.166 0.507 353.01 25.759 0.601 353.19 69.002
0.200 363.25 4328 0.300 363.11 7.776 0.410 363.18 13.106 0.507 363.20 29.583 0.601 363.21 73.640

p/MPa

(b)

0.2 0.3 0.4 0.5 0.6 0.7
Xco2

Fig. 1. Pressure-composition diagram of the binary systems (a) CO, +[C4mim][Tf;N] and (b) CO; +[C4mim][DCA]. The solid curves are guide for easier visual interpretation.

where Hiy(T, P) is the Henry’s constant, x; is the mole frac-
tion of gas dissolved in the liquid phase, and flL is the fugacity
of the gas in the liquid phase. As shown, Eq. (7) is only rigor-
ously valid in the diluted region limit. The Henry’s constants for
the CO, in the investigated ILs were estimated by fitting the PR-
WS/UNIQUAC model to the data and calculating the limiting slope
as the solubility approaches zero. This approach introduces some
uncertainty on the estimated Henry’s constants but the values of
these constants for the two studied ILs are different enough to
allow a discussion of the interactions between the CO, and the
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two ionic liquids based on these values. The estimated Henry’s
constants results, reported in Table 3, indicate that Henry’s con-
stant increases slightly (i.e., CO, solubility decreases) with the
temperature.

The results for the Henry’s constant of CO; in [C4mim][DCA] and
in [C4mim][Tf,N] were correlated as a function of temperature by
an empirical equation of the type:

1
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Fig. 2. Pressure-temperature-composition diagram of the binary systems (a) CO, +[C4smim][Tf,N] and (b) CO, +[C4mim][DCA] for this work experimental data and data

from ?Refs. [46] and *Ref. [13].
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Table 3
Interaction parameters for the studied systems and predicted Henry’s constants.

0, +[C4mim][DCA] (K; =0.1255, Ar, = 50751963, Ay; = —1168.4022,

CO, +[C4mim][TfoN] (Kj;=0.2734, Ay, = 5888.6826, Ay; = —1845.7030,

|AP|=5.2%) |AP|=7.9%)
T/K Hia/MPa /K Hia/MPa
294 S5 294 2105
298 5.59 298 25
303 6.19 303 253
B8 7.49 313 3.14
823 8.92 323 3.84
333 10.48 B33 4.62
343 12.14 343 5.47
348 13.01 348 9:93]
853 13.90 B55] 6.41
363 15.74 363 7.42
Table 4
Properties of the substances used in the modeling.
Compound T¢/K Pc/MPa (0] r q
co2 304.212 7.38% 0.2236% 3.26° 2.38¢
[C4mim][DCA] 782.96 244> 0.8419" AN 14.86¢
[C4mim][Tf,N] 826.30° 2.76° 0.3004> 32.67¢ 20.68¢
3 Ref. [48].
b Calculated with Ref. [49].
¢ Calculated with Ref. [50].
60 - 90 4
(a) (b)
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Fig. 3. PTx diagram and modeling for the systems CO2 +[C4mim][Tf,N] (a) and CO2 +[C4mim][DCA] (b). The solid lines represent the calculations with PR-WS/NRTL EoS.

where the coefficients A and B are listed in Table 5, together with
the Henry’s constant average absolute deviations, |AH1,|, obtained
for each ionic liquid.

The effect of temperature on CO, solubility can be related to the
Gibbs energy, the partial molar entropy and partial molar enthalpy
of solvation [47] and can be calculated from an appropriate corre-
lation of Henry’s constant:

AsoyG” = RT(In(H12)), (

Ao G° dlnH
o _ _T2 solv _ _pT2 12 _
AgoyH® = =T <—8T >T_ RT (—8T )p_RA

Table 5

L

(10)

AgopS° = AgoiyH® — Agory G° — _RT < dInHy,

T 9T >p_Rln(H]2)p

= -RB (11)
The partial molar enthalpy of solvation gives an indication of the
strength of interactions between the gas and the IL, while the par-
tial molar entropy illustrates the amount of ordering present in the
gas/ILmixture. The results presented in Table 5 show that the partial
entropies in both fluids are essentially identical, indicating a similar
structural solvation interaction. The partial molar enthalpy of sol-
vation of the CO, in [C4mim][Tf,N] is lower than in [C4mim][DCA],
indicating a slightly stronger interaction between the CO, and

Coefficients A and B in Eq. (8) and partial molar enthalpy and partial molar entropy of solvation obtained for CO (1) +ILs (2) systems.

lonic liquid A B |AHq2|[% Ao H/K] mol~! AgonS/Jmol=' K1 —T AsoiySIr-208 /K] mol~!
[C4mim][DCA] —1739.868 7.564 0.71 —15.03 -64.75 19.29
[C4mim][Tf,N] -1970.775 7.456 0.60 -18.21 —68.09 20.29
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the [C4mim][Tf,;N] when compared with the [C4mim][DCA]. The
enthalpies and entropies of solvation contribution make the solu-
bility of both systems non-spontaneous and moreover, controlled
by physical absorption. The partial molar enthalpies of solvation
observed for these ILs are also much lower than those previously
reported for [C4;mim][acetate] and [C4mim][TFA][12] showing that,
as discussed previously, in spite of the pK, of dicyanamide no
acid/base interaction is observed for the ILs studied in this work.

4. Conclusions

New gas-liquid equilibrium data of two binary systems, namely,
1-butyl-3-methylimidazolium dicyanamide + CO, and 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide + CO, have
been investigated in a wide range of temperatures, pressures and
CO, mole fractions aiming at understanding the effect of the basic-
ity of the anion in the gas solubility in the ionic liquids.

Contrary to what the dicyanamide anion basicity would suggest
the [C4mim][DCA] ionic liquid do not show a significant enhance-
ment on the CO, solubility. In fact, the interaction between the
negative fluorine atoms and the positive charge on the carbon of
the CO, molecule seems to be stronger in the Tf,N anion based IL.

A thermodynamic model based on the Peng-Robinson EoS with
the Wong-Sandler/UNIQUAC mixing rule was used in description
of the measured data. The model allows a good description of the
experimental data and the estimation of the Henry’s constants for
these systems.

The partial Gibbs energy, enthalpies and entropies of solva-
tion estimated from Henry’s constants show that the solubility
of CO, in both systems is non spontaneous at standard pressure
(0.1 MPa). The entropies of solvation in the two systems are essen-
tially identical and the partial molar enthalpy of solvation of CO,
in [C4mim][Tf,N], when compared to the one of [C4;mim][DCA],
indicate similar interactions between the CO, and the two ionic
liquids.
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New classes of acidic or basic ionic liquids (ILs) are gaining special attention, since the efficiency of many
processes can be enhanced by the judicious manipulation of these properties. The absorption of sour gases
can be enhanced by the basic character of the IL. The fluorination of the cation or the anion can also contribute
to enhance the gas solubility. In this work these two characteristics are evaluated through the study of the
gas—liquid equilibrium of two ionic liquids based on similar anions, 1-butyl-3-methylimidazolium acetate
([C4ymim][Ac]) and 1-butyl-3-methylimidazolium trifluoroacetate ([C,mim][TFA]), with carbon dioxide (CO,)
at temperatures up to 363 K and pressures up to 76 MPa. The data reported are shown to be thermodynamically
consistent. Henry’s constants estimated from the experimental data show the solubility of CO, on the
[Csmim][Ac] to be spontaneous unlike in [Csmim][TFA] due to the differences in solvation enthalpies in
these systems. Ab initio calculations were performed on simple intermolecular complexes of CO, with acetate
and trifluoroacetate using MP2/6-31G(d) and the G3 and G3MP2 theoretical procedures to understand the
interactions between CO, and the anions. The theoretical study indicates that although both anions exhibit a
simultaneous interaction of the two oxygen of the carboxylate group with the CO,, the acetate acts as a
stronger Lewis base than the trifluoroacetate. '*C high-resolution and magic angle spinning (HRMAS) NMR
spectra provide further evidence for the acid/base solvation mechanism and the stability of the acetate ion on
these systems. Further similarities and differences observed between the two anions in what concerns the

solvation of CO, are discussed.

Introduction

Tonic liquids (ILs) are a class of neoteric organic solvents
that have been the object of an unprecedented burst of interest,
both from academia and industry, in recent years. The large
organic cations and asymmetrical organic or inorganic anions
compel these molecules to remain liquid at or near room
temperature, while presenting, among other relevant properties,
negligible vapor pressures, high thermal stability, large liquidus
range, nonflammability, and high solvation capacity.'™* The
tunable properties of ILs, through an endless combination of
cations and anions, allow the design of solvents for the
development of more efficient and sustainable processes and
products. These compounds’ aptness for fine-tuning of their
properties cataloged them as designer solvents. However, the
design of a task-specific compound requires the definition of
target properties and of the characteristics that are behind them.

Among the several applications foreseeable for task-specific
ionic liquids such as solvents for reactions involving gaseous
reactants and products,’ catalysts for acid-catalyzed organic
reactions,® and chemical absorption,” their use in processes with
compressed gases for capture/sequestration of sour gases such
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507. Fax: + 351 234 370 084. E-mail: jcoutinho@ua.pt.
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as CO,, H,S, and SO,, in refinery, coal combustion, and cleaning
of gas streams, is one of the most exciting.

A considerable amount of work, concerning the development
of task-specific ionic liquids, has been carried out, addressing
essentially the IL cation. Bates el al.® reported amino-function-
alized ILs, while Yuan et al.’ and Sun et al.!” used hydroxyl-
functionalized ILs as a novel efficient catalyst for chemical
fixation of CO,. Yu et al.’” and Huang et al.’ proposed
guanidinium-based ILs, where the electron-donating groups
increased the strength of the donor—acceptor interactions on
-NH, and consequently enhanced the interactions between -NH,
and CO,. Li et al. investigated the ability of switching the ILs
basicity by repeatedly bubbling CO, and N,, improving ef-
ficiency of the processes. Bara et al.!! synthesized imidazolium-
based ILs with one, two, or three oligo(ethylene glycol)
substituents that, in spite of presenting CO, solubilities similar
to that in [C,mim][Tf,N] analogues, present lower solubilities
toward N, and CHy and therefore enhanced selectivities.

Acidic or basic ILs represent new classes of acids or bases.
The study of the acidity/basicity of the ILs is of great
importance, since the efficiency of many processes depends on
the basicity of the media or can be controlled by it. Crowhurst
et al.!? reported that the hydrogen bond basicities of ILs are
controlled by the anion, and the hydrogen bond donating
behavior is also dominated by the hydrogen bond basicity of
the anions, with a smaller contribution from the hydrogen bond
acidity of the cation. Furthermore, for the imide ionic liquids
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an increase of the hydrogen bond acidity with the cation change
was found.'? Nonetheless, changing to more basic anions leads
to a dramatic drop in the acidity. Pennline et al.'* screened
quaternary ammonium polyether ILs as potential solvents for
CO; capture based in the Pearson’s “hard and soft acid—base”
principles, where the solvent should possess a Pearson “hard
base” allowing a strong affinity toward CO,. Maginn et al.'*
and Shiflett et al.">~!7 reported on imidazolium-based ionic liquid
with the acetate and other carboxylate anions that seem to
present an uncharacteristic behavior. The systems with the
acetate-based IL present a low vapor pressure for mixtures up
to about 20 mol %, indicating that CO, could have formed a
nonvolatile or very low vapor pressure molecular complex with
the ionic liquid. The solvation of CO, by these anions is,
however, yet poorly understood.

The present study will explore the basicity of the anion as a
means to enhance the absorption of sour gases by ionic liquids,
along with another strategy to foster the gas solubility in an IL
by the fluorination of its alkyl chains.'®!® In this work the two
effects will be compared and evaluated in a wide range of
pressures and temperatures aiming at a better understanding of
the mechanisms of solvation of CO, on ILs with these
characteristics. For that purpose the gas—liquid equilibrium
(GLE) of the atypical and challenging binary systems, CO, +
1-butyl-3-methylimidazolium acetate ([Cysmim][Ac]), and CO,
+ 1-butyl-3-methylimidazolium trifluoroacetate (|Csmim][TFA])
previously approached only by Shiflett et al.,'”>~!7 will be here
extended to higher pressures, temperatures, and concentrations.
The comparison between these two systems will provide not
only a better understanding of the anion acid/base interactions
with the CO, but also the influence of the fluoroalkyl groups in
the molecule behavior and consequently, in the CO, solubility.
A thermodynamic consistency test developed for systems with
incomplete PTxy data,”*%* is here used to evaluate the quality
of the data reported through its thermodynamic consistency.

There is plenty of evidence in the literature for Lewis acid/
Lewis base (A/B) interaction between CO, and the carbonyl
group.’*%¢ Raveendran and Wallen?’ have studied the role of a
cooperative C—H+++O interaction as an additional stabilizing
interaction between the CO, and the carbonyl group and their
implications for the solvation of CO, on these compounds. The
CO, acts as a LA where the acidic central carbon interacts with
charged or uncharged Lewis bases.

To understand the interactions between CO, and the [Ac] and
[TFA] anions, ab initio calculations were performed on simple
intermolecular complexes using MP2/6-31G(d), and the G3 and
G3MP2 theoretical procedures. A simultaneous interaction, of
the two oxygens of the carboxylate group with the CO,, is found
in both anions, [Ac] and [TFA].

13C high-resolution and magic angle spinning (HRMAS)
NMR spectra of the CO, + [Cymim][Ac] are shown to further
support the acid/base interaction mechanism behind the solvation
of CO, at low pressures. They also provide further evidence to
the stability of the acetate on these systems.

Experimental Section

Materials. Two ILs based on the 1-butyl-3-methylimidazo-
lium cation, namely, 1-butyl-3-methylimidazolium trifluoroac-
etate [Cymim][TFA] and 1-butyl-3-methylimidazolium acetate
[Cymim][Ac], were used on this study. The [Cymim][TFA] was
acquired from Solchemar with mass fraction purities > 99%
and bromide impurity mass fraction < 107%, while the
[Cymim][Ac] was synthesized by means of carbonate-based
ionic liquid synthesis (CBILS) of proionic/Sigma-Aldrich.?
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1-Butyl-3-methylimidazolium hydrogencarbonate (the CBIL
precursor as a 50.0% solution in H,O) was treated with an exact
stoichiometric amount of acetic acid (FIXANAL/Riedel-de
Haén). After the evolution of CO, ceased, water and solvents
were removed under vacuum. The purities stated by the supplier
and those of the [C;mim][Ac] IL, were checked by 'H NMR,
3C NMR, and '""F NMR. For the [C;mim][Ac] the 'H NMR
obtained presents the following(chloroform-d, é/ppm relative
to TMS): 10.56 (s, 1H), 7.47 (d, 2H), 4.08 (s, 6H).

It is well-established that IL physical properties are influenced
by their water content.”’32 Blanchard et al.** reported that even
minor amounts of water, dissolved in [Cymim][PFg], lead to a
reduction of 77% on the CO, solubility. More recently, in a
systematic study on the influence of water on the solubility of
CO, for the same compound, Fu et al.** reported a less
pronounced, <15%, influence. Nonetheless, these reports clearly
state the importance of implementing purifying procedures prior
to the measurements. Thus, to reduce the content of water and
volatile compounds to negligible values, vacuum (0.1 Pa),
stirring and moderate temperature (353 K) were applied for a
period of at least 48 h prior to the measurements to the ILs.
The final water content was determined with a Metrohm 831
Karl Fischer coulometer, indicating a water mass fraction of
495 x 107° and 554 x 107° for [Cymim][TFA] and
[Cymim][Ac], respectively.

The CO, used was from Air Liquide with a purity of
>99.998% and H,0, O,, C,H,,, N,, and H, impurity volume
fractions lower than 3 x 107%,2 x 107%,2 x 107%, 8 x 107°,
and 0.5 x 107°, respectively.

Experimental Measurements. The high-pressure equilibrium
cell used in this work is based on the synthetic method and is
sketched in Figure 1. The cell is based on the design of Daridon
et al.»73% and was previously found to be adequate to measure
IL systems.>>* It consists of a horizontal hollow stainless steel
cylinder, closed at one end by a movable piston and at the other
end by a sapphire window. This window, along with a second
window on the cell wall through which an optical fiber lights
the cell chamber, allows the operator to follow the behavior of
the sample with pressure and temperature. The orthogonal
positioning of the sapphire windows minimizes the parasitic
reflections and improves the observation in comparison to axial
lighting.

A small magnetic bar placed inside the cell allows the
homogenization of the mixture by means of an external magnetic
stirrer. The sapphire window on the cell wall limits the minimum
internal volume of the cell to 8 cm?, while the maximum value
is set to 30 cm®. The presence of the magnetic stirrer as well as
the cell reduced volume helps to minimize the inertia and
temperature gradients within the sample.

The cell is thermostatized by circulating a heat-carrier fluid
through three flow lines directly managed into the cell. The heat-
carrier fluid is thermoregulated with a temperature stability of
40.01 K by means of a thermostat bath circulator (Julabo MC).
The temperature is measured with a high precision thermometer,
Model PN 5207 with an accuracy of 0.01 K connected to a
calibrated platinum resistance inserted inside the cell close to
the sample. The pressure is measured by a piezoresistive silicon
pressure transducer (Kulite HEM 375) fixed directly inside the
cell to reduce dead volumes, which was previously calibrated
and certified by an independent laboratory with IPAC accredita-
tion, following the EN 837-1 standard and with accuracy better
than 0.2%.

A fixed amount of IL was introduced inside the cell; its exact
mass was determined by weighting, using a high-weight/high-
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Figure 1. Schematic apparatus: 1, analytical balance (Sartorius LA200P); 2, thermostatized bath circulator (Julabo MC); 3, computer for data and
video acquisition; 4, vacuum pump (Edwards RV3); 5, piezoresistive pressure transducer (Kulite HEM 375); 6, magnetic bar; 7, endoscope plus a
video camera; 8, light source with optical fiber cable; 9, high-pressure variable-volume cell; 10, temperature probe (K type thermocouple).

precision balance with an accuracy of 1 mg (Sartorius LA2000P).
To avoid any interference of atmospheric gases during the
manipulation, after placing the IL inside the cell, this was kept
under vacuum overnight, while stirring and heating at 353 K.

The CO, was introduced under pressure from an aluminum
reservoir tank. Its quantity was measured on the precision
balance and introduced into the measuring cell by means of a
flexible high-pressure capillary.

After preparation of a mixture of known composition, it was
allowed to reach the desired temperature at low pressure; the
pressure was then slowly increased at constant temperature until
the system becomes monophasic. The pressure at which the last
bubble disappears represents the equilibrium pressure for the
fixed temperature.

The purity of the IL is checked again by NMR at the end of
the study to confirm that no degradation of the IL takes place
during the measurements. The 'H, '*C, and '"F NMRs spectra
were recorded using a Bruker Avance 300 at 300.13 MHz using
deuterated water (D,0O) and/or deuterated chloroform (CDCl3)
as solvents (below the IL saturation limit and low enough to
ensure complete dissociation in aqueous solution).

13C HRMAS spectra were recorded on a Bruker Avance
DRX-500 spectrometer resonating at 125.8 MHz for carbon and
using a HRMAS 4 mm double-bearing probe. The use of
HRMAS technology allows higher resolution to be obtained for
viscous liquids such as the ILs hereby studied. MAS rotors with
a fixed bottom spacer and a sealable top spacer were employed,
accommodating a total of 60 uL of sample (50 uL of ionic liquid
and 10 uL of 0.75% 3-(trimethylsilyl)propionate sodium salt
(TSP) D,O solution for chemical shift reference and lock
purposes). Spectra were acquired at a 4 kHz spinning rate, with
a 90° pulse of 5.3 us, a 2 s recycle delay, and 128 or 256 scans.

Thermodynamic Modeling and Consistency

Valderrama and Alvarez?' 2 developed a thermodynamic
consistency test for systems with incomplete PTxy data, catalog-
ing them as thermodynamic consistent (TC), thermodynamic
inconsistent (TI), or not fully consistent (NFC). As in previous
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works'®?*38 we have applied an extension of this approach to

CO, + IL systems using a method based on the Gibbs—Duhem
equation, using the Peng—Robinson equation of state (EoS),*
with the Wong—Sandler mixing rule.*! A detailed description
of that approach can be found in the Supporting Information.
The equation of state was used to estimate the Henry’s constants
for the systems studied.'®

Results and Discussion

Experimental Data. High-pressure gas—liquid data for
mixtures of CO, and ILs are scarce, and important discrepancies
among data from different authors'**>** can be found in the
literature.

The solubility of carbon dioxide in the ILs studied in this
work was measured for mole fractions from 0.2 to 0.8, in the
temperature range from 293 to 363 K and pressures from 0.2
to 76 MPa, as reported in Tables 1 and 2 and depicted in Figure
2. The shape of the phase diagrams obtained for these systems
is analogous to what was previously reported to binary mixtures
of CO, and ionic liquids. At low CO, concentrations, the
pressure increase with the CO, content is almost linear, while
for CO, mole fractions higher than 0.4 for [Cymim][Ac] and
0.55 for [Cymim][TFA] a dramatic increase in pressure with
concentration is observed. At temperatures below the CO,
critical temperature a two-phase region is observed above these
concentrations. The most surprising feature observed on these
systems is the very large solubility of CO, in [Cymim][Ac] up
to a mole fraction of 0.3. This IL seems to be able to dissolve
a very large amount of carbon dioxide at low pressure. This
was also observed by Shifflet et al.">~!7 In spite of this larger
solubility at low pressures, as the CO, concentration increases,
its solubility in [Cymim][Ac] becomes inferior to the solubility
in [Csmim][TFA] as observed in Figure 3.

The results of the application of the thermodynamic consis-
tency test to the binary systems containing ionic liquids is
presented in Table 3 for the thermodynamically consistent data,
and in the Supporting Information, for all the experimental data.
In this table, NP is the number of data points, 7 is the
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TABLE 1: Bubble Point Data of the System CO; (1) +
[Cymim][Ac]

X T/IK p/MPa X T/IK p/MPa
0.201 323.05 0.230 0.402 323.57 5272
0.201 33307 0.353 0.402 333.35 6.580
0.201 343.18 0.652 0.402 343.16 8.060
0.201 353.10 0.971 0.402 353.24 9.850
0.251 313.09 0.498 0.450 313.09 5730
0.251 322.96 0.830 0.450 323.00 7.394
0.251 333.30 1.275 0.450 333.27 9.564
0.251 343.05 1.695 0.450 343.06 12.188
0251 353.20 2233 0.450 353.18 15.281
0.300 313.04 1.398 0.500 322.98 13.478
0.300 323.22 1.923 0.500 333.06 18.051
0.300 33333 2518 0.500 343.10 22.985
0.300 343.10 3.205 0.500 3313 28.055
0.300 352.98 3.980 0.550 31331 27.965
0.351 313.04 2.589 0.550 323.40 34.865
0.351 322,83 3.360 0.550 33337 41.807
0.351 33342 4.288 0.550 343.25 48.107
0.351 343.22 5.265 0.550 353.05 53.904
0.351 353.22 6.430 0.599 313.10 67.371
0.402 313.07 4.090 0.599 323.09 75.526

TABLE 2: Bubble Point Data of the System CO; (1) +
[Cymim][TFA]

X1 T/IK p/MPa X1 T/K p/MPa
0.225 293.43 0.979 0.502 313.18 5.860
0.225 303.22 1.338 0.502 323.49 7.413
0.225 313.20 1.706 0.502 33535 9.135
0.225 323.11 2.146 0.502 343.07 11.151
0.225 333.35 2.587 0.502 35303 13.225
0.225 343.23 3.105 0.502 363.03 15.498
0.225 353.08 3.612 0.601 293.44 7.936
0.225 363.04 4.165 0.601 303.21 13.268
0.300 293.25 1.540 0.601 31321 18.548
0.300 303.30 2.056 0.601 32521 22.835
0.300 313.15 2.619 0.601 333.09 28.263
0.300 323.08 3.160 0.601 343.14 32.589
0.300 333.06 3912 0.601 353.10 36.545
0.300 343.15 4.726 0.601 363.12 42.075
0.300 353.13 5.559 0.650 293.46 26.422
0.300 363.18 6.416 0.650 303.35 32.581
0.401 293.52 2.419 0.650 313.17 37.835
0.401 303.23 3.108 0.650 323.04 43.392
0.401 313.14 3.959 0.650 333.25 48.458
0.401 323.04 4.840 0.650 343.06 52.947
0.401 333.08 5.996 0.650 a5kl 56.890
0.401 343.02 6.957 0.650 363.10 62.989
0.401 353.07 8.144 0.679 29559 43.625
0.401 363.07 9.337 0.679 303.34 50.189
0.502 293.61 3.513 0.679 313.08 55.966
0.502 303.40 4.611 0.679 323.08 62.473

temperature, and ki, 012, g12—g22 and g,;—gy are the interaction
parameters of the model, where 1 stands for the CO, and 2 for
the ionic liquid. This table is divided into sections for each
system studied. The CO, + [Cysmim][Ac] system determined
by Shifflet et al.' was also investigated. The parameters used
in the thermodynamic model are reported in Table 4. The
consistency test shows that, in general, the data measured in
this work are thermodynamically consistent with the exception,
in a few cases, of the mixtures richer in CO,. The results
obtained denote larger deviations in individual areas for the CO,
+ [Cymim][Ac] system for x; > 0.5 isopleths and for the CO,
+ [Cymim][TFA] system for the x; > 0.65 isopleths leading to
not fully consistent isotherms. However, these data points at
higher CO, concentrations must be considered with care, since
they present a more complex phase behavior which could be
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the cause for the apparent inconsistencies. The data for the CO,
+ [Csmim][Ac] system here reported present a thermodynamic
coherence superior to the data previously reported by Shifflet
et al.,” in particular at lower and higher temperatures for which
the data present deviations larger than the established limit for
the values of %Ap; and thereafter, the test could not be applied,
denoting inaccuracies in the experimental data measurements.

As depicted in Figure 4, the equation of state used provides
a good description of the experimental data.

Henry’s Constants. Henry’s law relates the fugacity of a
gas dissolved in a liquid with its concentration and can be
described as

H(T,P)= lim(f—iL) (1

—0\ X,

where H\,(T,P) is the Henry’s constant, x; is the mole fraction
of gas dissolved in the liquid phase, and f} is the fugacity of
gas in the liquid phase. As shown, eq 1 is only rigorously valid
in the diluted region limit. Given the good description of the
experimental data provided by the equation of state used, the
Henry constants for the CO, in the ILs studied in this work
were estimated by extrapolating the equation of state description
of the experimental data to the dilute region.'® Although this
approach introduces some uncertainty on the estimated Henry’s
constants, they are different enough to allow a discussion of
the interactions between the CO, and the ionic liquid based on
these values. The estimated Henry’s constants are reported in
Table 3. The results indicate that the Henry’s constant decreases
slightly (i.e., CO, solubility increases) as the temperature
decreases. Nonetheless, Henry’s constant for the [Csmim][TFA]
presents a larger temperature dependence than the one of
[Cymim][Ac].

The results for the Henry’s constant of CO, in [Cymim][Ac]
and CO, in [Cymim][TFA] were correlated as a function of
temperature by an empirical equation of the type

@

where coefficients A and B obtained are listed in Table 5,
together with the Henry’s constant average absolute deviations,
IAH,,|, obtained for each ionic liquid.

The effect of temperature on the CO, solubility can be related
to the Gibbs energy of solvation, the partial molar entropy, and
the partial molar enthalpy of solvation* that can be calculated
from an appropriate correlation of Henry’s constant:

In(H,,) = A(%) +B

AsolvG0 = RT(ln(le))p (3)
aASOIVGO) (8 In le)
Aranfl= _TQ(T SR ), @
o Asolvl—lo - AsolvGo 01ln le
AyS = L A RIn(H,y),
5

The partial molar enthalpy of gas solvation gives an indication
of the strength of interactions between the gas and IL, while
the partial molar entropy illustrates the amount of ordering
present in the gas/IL mixture.

The results in Table 5 show that the partial molar entropies
in both fluids are essentially identical, indicating a similar
structural solvation interaction. The partial molar enthalpy of
solvation of the CO, in [Cymim][Ac] is lower than in
[C4mim][TFA], indicating a stronger interaction between the
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Figure 3. Pressure—composition diagram of the binary systems CO, + [Csmim][Ac] and CO, + [C,mim][TFA] at 313 K.

CO, and the [Cymim][Ac] when compared with the
[Cymim][TFA]. The differences between the enthalpies and
entropies of solvation contribution observed make the solubility
of CO; in [Csmim][Ac] spontaneous, unlike for [Cymim][TFA],
which explains the large solubility observed at low pressures.

To obtain further information about the interaction CO,/
[Cymim][Ac], which seems to be responsible for the enhanced
solubility of CO, in this IL at low pressures, *C HRMAS NMR
spectra of the pure and CO,-saturated IL at atmospheric pressure
were acquired and reported in Figure 5. The comparison between
the two spectra shows an important downfield shift of the
carboxylate carbon (11) (from 179 to 183 ppm) due to the
presence of CO, and indicating the Lewis acid/base interaction
to be responsible for the enhanced solubility of CO, in this
solvent. The upfield shift in carbon (12), the other anion carbon,
results also from this acid/base interaction with CO,. The other
major difference observed on these spectra is related to the
cation carbon (2), which is connected to an acid hydrogen. In
the absence of CO, (Figure 5a), this resonance is significantly
broadened and so are, to a lesser extent, ring resonances C(4)

and C(5). This is expected due the proximity to the quadrupolar
nuclei of the neighboring '“N atoms, in case molecular motion
is relatively slow and unable to average out '3C/"N interactions.
The introduction of CO, in the system will shift the interaction
of the acetate from the imidazolium ring, and particularly C(2),
toward the gas, increasing the mobility of the imidazolium ring
with a noticeable effect on the peaks of the carbon at the
imidazolium ring, most spectacularly C(2). Interestingly, in both
systems resonances C(6) and C(10) are also broadened due to
nitrogen proximity. These spectra also confirm that, even in the
presence of CO,, there is no formation of acetic acid in the
system as suggested by some authors.'*!> The fact that a CO,
peak is not observed (possibly at about 120—130 ppm) can only
be attributed to the high mobility of this molecule in solution.
Its strong interaction with the acetate does not bind it to the
carboxylate group but instead the CO, must be quickly changing
among neighbor carboxylates.

Solubility measurements,****> spectroscopic studies,*® and
molecular simulations® indicated that CO, solubility in ILs
depends primarily on the strength of interaction of the CO, with
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TABLE 3: Estimated Interaction Parameters, for the Thermodynamically Consistent Data, and Henry Constant Predicted for

the CO, (1) + ILs (2) Systems at Different Temperatures

ref NP T/IK ki oo g12—82/(J /mol) 221—g1/(J /mol) |Apl/% IAAI/% H/MPa
CO, + [Cymim][Ac]
15 8 298.10 —0.6470 0.2166 —32855.6133 5999.5654 2.3 6.1
7 323.10 1.0000 0.3244 —11206.7412 2763.3943 34 73
this work 5 313.10 —0.0146 0.2979 —29707.8203 7932.1289 13 3.8 0.056
7 323.09 —0.3497 0.2482 —50410.7500 —1595.7640 1.0 4.6 0.086
7 333.00 0.2981 03177 —40720.8945 —2724.8025 2.6 9.4 0.121
7 343.00 —0.8572 0.3043 —44254.0312 89950.4766 42 10.8 0.137
6 348.00 0.7969 0.4229 —32920.5625 —3534.8833 12 27 0.203
6 352.98 0.9949 0.4392 —3R8I01 133 —4218.7607 0.8 3.7 0.253
CO, + [C;mim][TFA]
this work 5 294.00 0.2188 0.2045 34112.2930 —2444.4580 5.8 43 3.40
5 298.00 0.2236 0.2059 34037.5859 —2354.5664 6.2 4.7 3.85
5 303.00 0.2422 0.2027 34804.6875 —2620.2393 3.1 7.1 4.03
4 313.00 0.0625 0.2132 35599.7812 —1764.0344 0.6 42 5.93
4 323.00 0.2745 0.2497 33887.6523 —1097.2380 0.8 44 7.45
5 333.00 —0.0063 0.2001 42388.7930 —1258.0310 0.7 15.3 8.97
5 343.00 0.0801 0.2000 45219.8125 —781.5312 1.2 11.7 11.74
5 348.00 —0.0001 0.2008 46516.1133 —791.0156 1.5 9.3 11.94
5 353.00 0.1250 0.2006 47268.5469 —702.7494 1.9 12.5 13.50
4 363.00 0.1601 0.2026 46758.0273 —1230.8120 6.0 44 13.57

TABLE 4: Properties of the Substances Used in the
Modeling

compound T.JK pe IMPa w
CO, 304.21¢ 7.38¢ 0.2236°
[Cymim][TFA] 826.72¢ 2.09" 0.6891°
[Cymim][Ac] 847.31° 2.44° 0.6681°

@ Reference 57. ” Calculated with ref 23.

the anion. Furthermore, Crowhurst et al.'? reported that in terms

of solvation the ionic liquid hydrogen bond donor behavior was
dominated by the hydrogen bond basicity of the anions, with a
low contribution from the hydrogen bond acidity of the cation.
Thus, the presence of fluoroalkyl groups in the basic trifluoro-
acetate anion based ILs*” makes them “CO,-philic”, meaning
that they present higher CO, solubilities than other ILs, resulting
in lower equilibrium pressures. This behavior, not yet fully
understood, seems to be related to the interaction between the
negative fluorine atoms and the positive charge on the carbon
of the CO, molecule.'>*~>! Anderson et al.”> suggests that the
T£,N anion is the anion displaying the most significant influence
in the hydrogen bond donor ability of the IL. In fact, Anderson’s
statement reflects well the behavior of the [C;mim][Tf,N] and
[Cymim][TFA] ILs, since both present higher solubility, than
other ILs, for a wider range of CO, mole fractions.**>?

The comparison between the solubilities of CO, in
[Cymim][Ac] and [Cymim][TFA] reveals a curious behavior.
For low CO, molar fractions (<30%) the [Cymim][Ac] presents
higher CO, solubility than any IL previously studied'’ but, as
the CO, molar fraction increases, the solubility in [Csmim][Ac]
quickly drops below the solubility in [Cymim][TFA] as shown
in Figure 3. This behavior could be explained by a chemisorption
taking place in [Csmim][Ac] at low CO, pressure, but as the
chemical solvation sites become saturated and the physisorption
dominates, the solvation capacity of the fluorinated acetate
becomes dominant. The fluorination of the acetate seems
however to reduce its chemical solvation capacity. For a deeper
understanding of these interactions we resorted to ab inito
calculations to analyze the interactions between the fluorinated
and non-fluorinated acetate and the CO,.

Ab Initio Calculations. Ab initio calculations on the CO,/
[Ac] and CO,/[TFA] interactions were performed using the
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Gaussian 03 program.>* Geometry optimizations were performed
at the second-order Mgller—Plesset (MP2) level using the
6-31+G(d) basis set to include the effects of electron correlation.
The vibrational frequencies were also calculated to confirm that
the structures were at the real potential energy minimum. The
optimized geometries are shown in Figures 6 and 7 for the CO,
complex with the acetate and trifluoroacetate, respectively. The
CO, is interacting as Lewis acid with the acetate group, which
acts as Lewis base. The CO, molecule is significantly distorted
from linearity. The shorter C(carboxylate) to C(CO,) distance
and the larger CO, distortion angle in the CO, complex with
the acetate is a structural indication that the CO,/[Ac] interaction
is stronger than CO,/[TFA]

Conformation “B”, depicted in Figure 8, represents the
complex formation of the CO, with the oxygen of the carboxy-
late that was found to have a local energy minimum with a
MP2/6-314+G(d).

The Gaussian-3 (G3)*® and (G3MP2)*® theoretical procedures
were used to evaluate the interaction enthalpies of the complexes
between the acetate Lewis base (B) and the CO, Lewis acid
(A) according the following equation:

AH=H,; — (H,+ Hp) (6)

where H,gp is the G3 or G3AMP2 enthalpy of the CO, complex
with acetate or trifluoroacetate and the H, and Hg represent
the G3 or G3MP2 enthalpies of the monomers. Gaussian-3 (G3)
theory is based on the 6-31G(d,p) basis set and several basis
extensions, including the G3 large basis set. Geometries are
calculated at the MP2(full)/6-31G(d) level, and scaled (0.8929)
HF/6-31G(d) zero point energies (ZPEs) are included in the final
energies. Treatment of electron correlation is done by Mgller—
Plesset (MP) perturbation theory and quadratic configuration
interaction, and the final energies are effectively performed at
the QCISD(T)/G3 large level. Gaussian-3 (G3MP2) theory
represents a simplification of the G3 theory with a reduced MP
order, thus eliminating the MP4 calculation.

The enthalpic interactions were also evaluated directly using
the MP2/6-31+G(d) energies. ZPEs and the enthalpic correction
to 298 K were included in the interaction using the MP2
frequencies scaled by 0.95 for the calculation of ZPEs and the
enthalpies correction to 298 K. The basis set superposition errors
(BSSE) for the MP2/6-31+G(d) interaction was also evaluated
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Figure 4. PTx diagram and modeling for the systems CO, + [Csmim][Ac] (a) and CO, + [C;mim][TFA] (b). The solid lines represent the

calculations from PR-WS/NRTL EoS.

TABLE 5: Coefficients A and B, Partial Molar Enthalpy, and Partial Molar Entropy Obtained for CO, (1) + ILs (2)

ionic liquid A/K B IAH % AGH/KT mol™")  AS° /0 K" mol™)  —T1AS°7=20sx”/(kJ mol™")
[Cymim][Ac] —3892 + 365 11.84 + 1.09 0.45 —324+£3.0 —98.5+9.1 294+27
[Cymim][TFA] —2325 + 106 1144 +0.33 0.22 —-193+£09 —95.2+2.7 284 +0.8
“ Standard enthalpy. ” Standard (Py = 0.1 MPa) molar entropy.
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Figure 5. 3C HRMAS NMR spectra for pure [Cymim][Ac], 128 scans (a), and [Csmim][Ac] saturated with CO,, 256 scans (b).

and found to be negligible, taking into account the large energy
interaction. The binding enthalpies at the different levels of
theory are listed in Table 6. It is interesting to observe that the
difference between the enthalpic interactions (acetate and
trifluoroacetate) obtained by ab initio in gas phase (7—10 kJ
mol ') present a good agreement with the experimental differ-
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ence between the enthalpy of solvation of the CO, in the
[C;mim][Ac] and in [Cymim][TFA] (13.1 & 3.1 kJ mol ™).
The calculated interactions support the idea of a chemisorption
of CO; in [Cymim][Ac] but seem to fail in explaining the low,
and nonspontaneous nature, of CO, solubility in [Csmim][TFA]
as both interactions seem to be similar with a difference of just
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Figure 6. Geometry optimizations of the CO,—acetate complex (conformation A) at MP2/6-31+G(d) level of theory: carbon to carbon distance

C(carboxylate)—C(CO,), 2.963 A; CO,, O—C—O0 angle, 169.0°.

{2

Figure 7. Geometry optimization of the CO,—trifluoroacetate complex at the MP2/6-314+G(d) level of theory: carbon to carbon distance

C(carboxylate)—C(CO,), 3.059 A; CO,, O—C—O0 angle, 172.9°.

Y
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Figure 8. Geometry optimizatiog of the CO,—acetate complex (conformation B) at the MP2/6-31+G(d) level of theory: carbon to carbon distance

O(carboxylate)—C(CO,), 2.466 A; CO,, O—C—O angle, 169.5°.

TABLE 6: Enthalpies of Complex Formation between the Acetate/Trifluoroacetate with the CO, in Gas Phase Derived by ab
Initio Calculation at Different Levels of Theory (Values in kilojoules per mole)

AH(Ac:CO,) acetate+++CO, AH(TFA:CQO,) trifluoroacetate+++CO, diff ?
Gaussian G3 (conformation “A”) —414 — 387 + 7.7
Gaussian G3(MP2) (conformation “A”) —395 —-322 +73
MP2/6-31+G(d) * (conformation “A”) —42.0 — 318 +10.2
MP2/6-31+G(d) ¢ (conformation “B’") —29.7

@Zero point energies and enthalpy correction were performed using the values of harmonic frequencies scaled by 0.95. ’Diff =

AH(TFA:CO,) — AH(Ac:CO,).

13 kJ mol ™! between the two. Yet this small difference does
make all the difference and is indeed enough to explain the
differences observed between the two ILs. Since, as shown
before, the entropies of solvation are identical in the two ionic
liquids, the differences in the Gibbs energy of solvation arise
essentially from the differences in the enthalpies of solvation.
If eq 3 is used to estimate the differences in the Gibbs energies
of solvation between the two fluids in the temperature range of
313—353 K, these values range between 11.6 and 12.1 kJ mol ™.
The differences in solubility between the two fluids result
essentially from their solvation enthalpy differences and a value
of 11—12 kJ mol ™' is enough to explain the observed solubility
difference. The “chemisorption” observed is nothing more than
the expression of the spontaneous solubility of CO, on the ionic
liquid due to an enthalpy of solvation larger than the corre-
sponding entropy of solvation. We postulate that all ionic liquids
with an enthalpy of solvation contribution superior to their
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entropy of solvation contribution to the Gibbs free energy of
solvation, and thus to the solubility, will present a behavior
similar to what is presented by [Cymim][Ac], while the others
will behave as [Cymim][TFA]. This could explain the differences
observed between ionic liquids with carboxylate anions studied
by Yokozeki et al.,'® where some do have a “chemisorption-
like” behavior while others do not. More studies are however
required to provide support for this hypothesis.

Conclusions

Gas solubility of CO, in two ionic liquids, namely, 1-butyl-
3-methylimidazolium acetate and 1-butyl-3-methylimidazolium
trifluoroacetate, has been investigated in a wide range of
temperatures, pressures and CO, mole fractions, aiming at
understanding the effect of the basicity and the fluorination of
the anion on the gas solubility in the ionic liquids.
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The two systems studied present interesting contrasting
behaviors. The binary system 1-butyl-3-methylimidazolium
acetate + CO; at low pressures presents a high CO, solubility,
larger than those observed for the other ILs at these pressures,
but as the CO, molar fraction increases, the solubility decreases
exponentially and the solubilities become more important on
[Cymim][TFA] at high pressures.

The data are shown to be thermodynamically consistent, and
the Peng—Robinson EoS with the Wong—Sandler/NRTL mixing
rule allows a good description of the experimental data and the
estimation of the Henry constants for these systems. The partial
Gibbs energy, enthalpies, and entropies of solvation estimated
from the Henry’s constants show the solubility of CO, in
[Csmim][Ac] to be spontaneous at the standard pressure (0.1
MPa), while the entropies of solvation in the two systems are
essentially identical, making the solubility on these systems
controlled by the solvation enthalpies.

13C HRMAS NMR spectra and ab initio calculations indicate
that the preferential interaction of the CO, with [C;mim][Ac]
results from an acid/base interaction between the carboxylate
and the acid carbon in the CO, molecule. A good agreement
between the measured and calculated differences in the interac-
tions between the CO, and the anion in the two systems were
obtained, and it is shown that, in the diluted region, a difference
in the order of 10 kJ mol ™! in the interaction energy is enough
to explain the solubility differences observed between the two
systems.
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Due to the potential of ionic liquids for industrial application in CO; capture and gas separation processes,
solubility of near or supercritical CO; in ionic liquids has been object of extensive research during the
last few years. This work studies the solubility of CO, in phosphonium-based ionic liquids that, unlike
imidazolium-based ILs, have received little attention in spite of their interesting characteristics. This
work addresses the study of the gas-liquid equilibrium of two ionic liquids, trihexyltetradecylphospho-
nium bis(trifluoromethylsulfonyl)imide and trihexyltetradecylphosphonium chloride, in a wide range of
temperatures, pressures, showing that phosphonium ionic liquids can dissolve even larger amounts of
CO, (on a molar fraction basis) than the corresponding imidazolium-based ILs. In particular trihexylte-
tradecylphosphonium bis(trifluoromethylsulfonyl)imide seems to be the IL with the largest CO, sorption
capacity reported up to present, revealing the potential of phosphonium-based ILs for CO, capture.
Athermodynamic model based on the Peng-Robinson equation of state with the Wong-Sandler mixing
rule, using the UNIQUAC model for the activity coefficients, was here adopted to describe the experimental
data and for the estimation of the Henry's constants. A universal correlation, for the description of the
solubility of CO; in ILs previously proposed by us was also applied to the description of the data here

measured showing a good agreement with the experimental data.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The high solubility of CO, in ionic liquids has been the object
of extensive research during the last few years. Aiming at enhanc-
ing sour gases solubility and ultimately replace the hazard volatile
organic compounds (VOCs), many researchers have judiciously tai-
lored ionic liquids (ILs) to accomplish such task either through
the introduction of fluorinated groups on the IL ions, or by
adding basic groups such as amines or acetates [1-15]. With the
exception of this last type of ILs, where chemical interactions
dominate the sorption mechanism, in most ionic liquids the gas
solubility is simply driven by a physical absorption mechanism
[11,16,17]. Among the ILs previously reported in the literature the
imidazolium-based ionic liquids, especially those with fluorinated
anions such as the bis(trifluoromethylsulfonyl)imide, NTf,, and
bis(pentafluoroethyl)trifluorophosphate, pFAP, are the ones with
the highest CO, solubilities reported [9,15,18].

Despite their attractive characteristics, such as negligible vapor
pressures, high thermal stability, large liquidus range, nonflamma-

* Corresponding author. Tel.: +351 234 401 507; fax: +351 234 370 084.
E-mail address: jcoutinho@ua.pt (J.A.P. Coutinho).

0896-8446/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.5upflu.2010.02.002

bility, high solvation capacity, compatibility with strong alkaline
solutes, stabilizing effect on palladium catalysts, effective media for
Heck and Suzuki reactions and their low cost, the phosphonium-
based ionic liquids have received surprisingly little attention in the
last few years from academia [8,19-26]. Some authors have focused
their study on the solubility of alcohols [27], alkanes and alkenes
[25,26,28-32], or even on methane [30,31], carbon monoxide [32]
or oxygen [30] in phosphonium ILs but few have reported solu-
bilities of carbon dioxide in these ILs [19,24-26,29]. Furthermore,
among those only a couple reported CO, solubilities under high
pressure [19,29]. Ferguson and Scovazzo [25] have shown that imi-
dazolium and phosphonium-based ILs have similar solubilities for
several gases, while Anthony and coworkers [26] suggested that
the nature of the anion has the most significant influence on the gas
solubility. Hutchings et al. [8] have reported that, at subcritical tem-
peratures, several phosphonium ionic liquids would completely
dissolve as soon as all the CO, condensed and that the isopleths
for these systems follow the vapor pressure curve of the pure CO,.

Disregarding academia lack of interest, their properties and low
cost have attracted the industry attention [33]. Central Glass Co.
Ltd., from Japan, developed pharmaceutical intermediates using
phosphonium ionic liquids [33], while Texaco used a “ruthenium
melt catalyst” dispersed in phosphonium or quaternary ammonium
ILs to convert syngas into acetic acid, esters, alcohols and glycol
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[34]. Rhone-Poulenc, by other hand, used a tetrabutylphosphonium
chloride to estabilize zero-valent palladium catalysts for carbony-
lation [34] and Eastman Chemical Company used a Lewis basic
phosphoniumiodide ionic liquid along with a Lewis acid catalyst for
the isomeration of 3,4-epoxybut-1-ene to 2,5-dihydrofuran [33].

In the wake of previous works [11,17,18,35], the purpose of the
present study is to identify ILs with large CO; solubilities and to fur-
ther explore the mechanism behind the absorption of carbon diox-
ide by the ionic liquids. For that purpose, trihexyltetradecylphos-
phonium chloride, [THTDP][CI], and trihexyltetradecylphospho-
nium bis(trifluoromethylsulfonyl)imide, [THTDP][NTf, ], ionic liq-
uids were chosen. The structure of the phosphonium cation
minimizes any specific interactions between the IL cation and the
carbon dioxide. Furthermore, the chloride anion of the [THTDP][CI]
allows also to minimize any anion interaction with the CO,.

The Peng-Robinson equation of state [36] with the Wong-
Sandler/UNIQUAC mixing rule [37], using the UNIQUAC model [38]
for the activity coefficients, was used to model the experimental
data measured in this work and to estimate the Henry’s constants
from which the enthalpies and entropies of solvation are derived
and used to assess the CO, IL interactions.

2. Experimental
2.1. Materials

Two ILs based on the trihexyltetradecylphosphonium cation, tri-
hexyltetradecylphosphonium bis(trifluoromethylsulfonyl)imide,
[THTDP][NTf,] and trihexyltetradecylphosphonium chloride,
[THTDP][CI], were used in this study. All compounds were
obtained from Cytec with mass fraction purities higher than 97%.
The chloride impurity for [THTDP][NTf;] was inferior to 0.1%. The
purities stated by the supplier, of each ionic liquid, were checked
by 'H NMR, 13C NMR and '9F NMR.

The ILs where further purified by washing them with ultra pure
water followed by drying under high vacuum (1 x 103 Pa) and
moderate temperature (353 K) for a period of 48 h. The water used
was double-distilled, passed through a reverse osmosis system, and
further treated with a MilliQ plus 185 water purification apparatus.
It has a resistivity of 18.2 M cm, a TOC smaller than 5 wgL~!, and
itis free of particles greater than 0.22 um. The purities of each ionic
liquid were checked by "H NMR, 3C NMR and '°F NMR after each
purification step and the purification was repeated until no impu-
rities were observed in the ILs by NMR analysis. The final purity
is estimated to be better than 99%. The final IL water content was
determined with a Metrohm 831 Karl Fischer coulometer, indicat-
ing a water mass fraction of (67 and 97) x 10-6 for [THTDP][NT; ]
and [THTDP][Cl], respectively.

The carbon dioxide (CO,) was acquired from Air Liquide with
a purity of >99.998% and H,0, O,, C4Hp, Ny and Hy impurities
volume fractions lower than (3,2, 2, 8 and 0.5) x 10-%, respectively.

2.2. Experimental equipment

The high pressure equilibrium cell used in this work is based
on a cell designed by Daridon et al. [19,39-42] using the synthetic
method. Both the apparatus and the methodology here followed
were fully described in previous works [11,18,35], and shown to be
adequate to accurately measure vapor-liquid phase equilibrium in
a wide range of pressures and temperatures [11,18,19,35,39-42].
The high pressure equilibrium cell, that can operate up to pres-
sures of 1000bar and in the (283-373) K temperature range,
consists of a horizontal hollow stainless-steel cylinder, closed at
one end by a movable piston and at the other end by a sap-
phire window. This window, along with a second window on the

cell wall, through which an optical fiber lights the cell cham-
ber, allows the operator to follow the behavior of the sample
with pressure and temperature. The orthogonal positioning of
both sapphire windows minimizes the parasitic reflections and
improves the observation in comparison to axial lighting. A small
magnetic bar placed inside the cell allows the homogenization
of the mixture by means of an external magnetic stirrer. The
presence of the magnetic stirrer, as well as the cell reduced vol-
ume, help to minimize the inertia and temperature gradients
within the sample. The cell is thermostatized by circulating a heat-
carrier fluid through three flow lines directly connected to the
cell. The heat-carrier fluid is thermo-regulated with a tempera-
ture stability of +£0.01 K by means of a thermostat bath circulator
(Julabo MC). The temperature is measured with a high precision
thermometer, Model PN 5207 with an accuracy of 0.01K, con-
nected to a calibrated platinum resistance inserted inside the cell
close to the sample. The pressure is measured by a piezoresis-
tive silicon pressure transducer (Kulite) fixed directly inside the
cell to reduce dead volumes, that was previously calibrated and
certified by an independent laboratory with IPAC accreditation,
following the EN 837-1 standard and with accuracy better than
0.2%.

A fixed amount of IL was introduced inside the cell; its exact
mass was determined by weighting, using a high weight/high pre-
cision balance with an accuracy of 1mg (Sartorius). In order to
avoid any interference of atmospheric gases during the manipu-
lation, after placing the IL inside the cell, it was kept under vacuum
overnight while stirring and heating at 353 K.

The CO, was introduced under pressure from an aluminum
reservoir tank. Its mass was measured with a precision balance
and introduced into the measuring cell by means of a flexible high
pressure capillary.

After preparation of a mixture of known composition and the
desired temperature at low pressure was reached, the pressure
was then slowly increased at constant temperature until the sys-
tem becomes monophasic. The pressure at which the last bubble
disappears represents the equilibrium pressure for the fixed tem-
perature.

The purity of the IL is checked again by NMR at the end of the
study to confirm that no degradation takes place during the mea-
surements.

2.3. Thermodynamic modeling

To describe the experimental data measured, the
Peng-Robinson equation of state [36] was used in this work,

RT am

P = b VIV 5B+ bV =B

(1)
with the Wong-Sandler mixing rule [37]

Zinxj(b—a/RT)ij (b a )
ij

1— 2xa;/b;RT — AE(x)/2RT \"  RT )

a;a;
Y Y —leg)

1 i
i[bi+bj]_ “RT
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) E
R <in {Z_j . Aoéx)> 3)

where ap, and by, are the equation of state constants, £2=0.34657
for the Peng-Robinson equation, and AL (x) is calculated using the
UNIQUAC model and assuming that A (x) ~ AE(x) ~ GE(x), being
G(E)(x) the excess Gibbs free energy at low pressure described
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Table 1

Bubble point data of the system CO, (1)+[THTDP][NTf,] (2).
X1 T/K p/MPa X1 T/K p/MPa X1 T/K p/MPa X1 T/K p/MPa X1 T/K p/MPa
0.169 293.26 0.106 0.205 293.34 0.252 0.308 293.20 0.612 0.421 293.30 1.145 0.504 203137 1.584
0.169 303.25 0.226 0.205 303.22 0.399 0.308 303.15 0.806 0.421 303.22 1425 0.504 303.58 1.966
0.169 313.20 0.355 0.205 313.10 0.555 0.308 313.16 1.023 0.421 313.24 1.748 0.504 313.05 2.378
0.169 823126 0.471 0.205 5234l 0.716 0.308 323125] 1.266 0.421 823127 2.079 0.504 323.24 2.823
0.169 88895 0.609 0.205 333715 0.887 0.308 333713 1.492 0.421 333.38 2.439 0.504 333.21 3.267
0.169 343.22 0.760 0.205 343.20 1.055 0.308 343.13 1.739 0.421 343.19 2.786 0.504 343197 BY731/
0.169 353.21 0.909 0.205 853911 j152385] 0.308 5538141 1.993 0.421 853.21] 3.154 0.504 353.26 4.216
0.169 363.24 1.066 0.205 363.40 1.425 0.308 363.29 2.246 0.421 363.34 81535 0.504 363.45 4.702
0.601 292.88 242775 0.702 293.14 3.305 0.806 293817, 4.817 0.822 293315 51510 0.830 293.20 7.546
0.601 303.27 2.845 0.702 303.11 4.197 0.806 303.31 6.208 0.822 303.20 7.450 0.830 303.20 9.480
0.601 313.10 3.427 0.702 313.11 4975 0.806 Sl 7.948 0.822 313.19 9.634 0.830 8898/ 11.584
0.601 323.24 4.020 0.702 323:15; 51921 0.806 323.28 10.007 0.822 32331 12.009 0.830 323.23 13.838
0.601 833127 4.657 0.702 333.27 6.912 0.806 333129 12.119 0.822 333.24 14.307 0.830 333.28 16.063
0.601 343.20 5.342 0.702 34338 7.946 0.806 343.40 14.180 0.822 343.10 16.481 0.830 343.28 18.182
0.601 353.23 5!995 0.702 853195/ 8.996 0.806 35393 16.095 0.822 353.20 18.493 0.830 35341 20.290
0.601 363.31 6.675 0.702 363.53 10.078 0.806 363.28 17:975 0.822 363.21 20.420 0.830 363.45 22.264
0.840 293.20 12.025 0.850 293.33 18.870 0.860 293.30 26.885 0.870 293.26 44.564 0.879 296.58 72.185
0.840 303.18 12.808 0.850 303.10 18.188 0.860 303.02 24711 0.870 302.95 34.630 0.879 303.08 49.350
0.840 313.29 14.587 0.850 313.21 18.747 0.860 313.18 23.840 0.870 313.10 30.585 0.879 31335 39.536
0.840 323.19 16.420 0.850 323.22 20.190 0.860 323.34 24304 0.870 323.24 29.743 0.879 323135 36.280
0.840 SEEIE) 18.457 0.850 333.26 2187119 0.860 83389 25423 0.870 333.20 30.253 0.879 33338 35.408
0.840 343.18 20.490 0.850 343.12 23.608 0.860 343.19 26.972 0.870 343.12 31.183 0.879 343.23 85732,
0.840 353.26 22:557 0.850 353.01 25.482 0.860 353.26 28.426 0.870 353.25 32.463 0.879 353.06 36.563
0.840 363.14 24.401 0.850 363.14 27.163 0.860 363.28 30.227 0.870 363.35 33.815 0.879 361.67 37.445

as op. The minimization method was performed using a genetic algo-

n

GE O\ 7w 0,
R Zx,- In <X—I> + EZq,-x,- In @
i=1

i=1

n n A )"
. : A i
_E X;iq; In E 0; exp( —q,-RT ) (4)
i=1 j=1

with

@ = XiTi Xid;

DT >%j
The correlation of the experimental data was carried by the

minimization of the objective function, OF, for

N Pcal _ pexp 2
0F=Y" [T} ©)
i=1

where N is the number of data points, P is the pressure, the super-
scripts “exp” and “cal” refers to the experimental and calculated
values, respectively, and op is the standard deviation of pressure.
The experimental uncertainties in the pressure data were used for

and 6; =

(5

rithm code, implemented and fully explained in Alvarez et al. [43].
The difference between experimental and calculated values was
calculated as the average percent deviation, expressed in absolute
form, as follows:

N
peal _ pp
|AP| = 106 L e |
N pexp
i=1 i

(7

Furthermore the proposed model was applied, in the diluted
region limit, to determine the Henry’s constant for the studied sys-
tems.

3. Results and discussion

The solubility of carbon dioxide in the studied ILs was mea-
sured for mole fractions ranging from 0.2 to 0.9, in the temperature
range 293-363 K and pressures from 0.1 to 72 MPa, as reported in
Tables 1 and 2 and depicted in Fig. 1. The temperature increase
leads to an increase in the equilibrium pressures and by increasing
CO, concentration, the equilibrium pressures increase gradually at
first, and then rapidly for higher CO, contents as a liquid-liquid
like region is reached, as also observed previously for other ILs

Table 2
Bubble point data of the system CO; (1)+[THTDP][Cl] (2).
X1 T/K p/MPa X1 T/K p/MPa X1 T/K p/MPa X T/K p/MPa X1 T/K p/MPa
0.119 313.16 0.168 0.164 303.35 0.225 0.200 303.42 0.357 0.305 303.40 0.820 0.400 303.27 2l
0.119 323.16 0.274 0.164 313.03 0.371 0.200 313.27 0.517 0.305 313.54 1.120 0.400 313.56 2.850
0.119 333.46 0.453 0.164 323.30 0.523 0.200 323.40 0.682 0.305 323.66 1.355 0.400 82357 3.357
0.119 343.37 0.546 0.164 333.30 0.641 0.200 333.50 0.849 0.305 333.59 1.605 0.400 333.63 3.924
0.119 353.30 0.690 0.164 343.00 0.784 0.200 343.68 1.033 0.305 343.52 1.873 0.400 343.55 4.495
0.119 363.22 0.770 0.164 353.16 0.943 0.200 853V/5 1.220 0.305 353.66 2.160 0.400 353.46 5.092
0.164 363.20 1.089 0.200 363.66 1.397 0.305 363.54 2.440 0.400 363.58 5.692
0.503 303.32 2311 0.603 303.33 3417 0.701 303.36 4.987 0.752 303.42 5.998 0.800 302.55 14.995
0.503 31347 2.850 0.603 313.28 4135 0.701 313.70 6.130 0.752 313.38 7.503 0.800 313.44 16.310
0.503 32343 3.357 0.603 32347 4.924 0.701 323.56 7.314 0.752 32345 9.328 0.800 323.83 17.595
0.503 33347 3.924 0.603 333.69 5.760 0.701 333.54 8.658 0.752 333.58 11.307 0.800 333.78 19.295
0.503 343.55 4.495 0.603 343.64 6.586 0.701 34348 10.018 0.752 343.46 13.226 0.800 343.72 21.108
0.503 353.64 5.092 0.603 353.69 7457 0.701 353.77 11.461 0.752 353.58 15.138 0.800 353.66 22.815
0.503 363.67 5.692 0.603 363.53 8.330 0.701 363.68 12.821 0.752 363.67 16.927 0.800 363.65 24.570

271



PJ. Carvalho et al. / ]. of Supercritical Fluids 52 (2010) 258-265

261

+
@) 2 303K (a)
313K /®
2z 4323K [ i
o
H
o
0.9
20
(b) 50 . (b)
18 - 293K 303K ®313K 4 323K o
40 " sc333K 343K 353K 363K j
1 30 2 /V
Z
14 - ; - i///k
20 r ? ~ /\,\,,///‘/
12 —2— !
10 - ’
2 10 e ¥
8 0.80 0.85 0.90 x 7 /
X /]
6 & ¥ |
F.
o -
4 =
2
—
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Fig. 1. Pressure-composition diagram of the binary systems: (a) CO, +[THTDP][Cl] and (b) CO, +[THTDP][NTf,]. The solid curves are guides for the eye.

[11,18,35]. A singular phenomenon was observed for the system
[THTDP][NTf,] +CO, at CO, concentrations higher than 0.8. At
these conditions the equilibrium pressure changes its behavior and
starts to decrease with the temperature increase, as depicted in
Figs. 1(b) and 2(b). This unusual behavior, previously observed for
the solubility of CO, in aqueous solutions of phosphonium-based
ILs is related to the liquid-liquid region, as previously noticed [19],
and to a change in the relative densities of the phases. At low
pressures the IL phase is denser than the CO, and dP/dT is pos-
itive. At high pressures the CO, phase becomes denser than the
IL phase and then, as predicted by the Clausius-Clapeyron equa-
tion, the dP/dT becomes negative and the solubility increases with
temperature.

The solubilities of CO, in the ILs studied in this work are among
the highest measured up to present. These ILs present identical or
higher CO; solubilities than those reported for imidazolium-based
ILs, with fluorinated anions like the NTf, [9,15,44,45] or pFAP[9,15],
for which several authors justify the high solubilities as a result of
special interactions between the CO, and the IL ions. A comparison
between the CO, solubility in these ILs and in the ILs studied in this
work is depicted in Fig. 3.

Hutchings et al. [8] found that for subcritical temperatures sev-
eral phosphonium ionic liquids, including the [THTDP][Cl] here
studied, would completely dissolve in CO, as soon as all the CO,
condensed and that the isopleths for these systems follow the vapor
pressure curve of the pure CO,. In this work we have tried to

reproduce the results from Hutchings et al. [8] without success.
No significant solubility of phosphonium ionic liquids in near or
supercritical CO, was observed.

The results of the application of the equation of state to the mod-
eling of the binary systems containing ionic liquids studied in this
work are presented in Table 3 for all the experimental data. In the
table, NP is the number of data points, T is the temperature, k15,
A1, and A, are the interaction parameters of the model, where ‘1’

Table 3
Temperature-independent interaction parameters and predicted Henry's constant
for the studied systems.

[THTDP][NT, ] + CO,2 [THTDP][CI] + CO,>

T/K Hi»/MPa T/K Hi2/MPa
293.44 1.98

303.18 230 30327 1.89
313.19 2.64 31336 240
32324 3.00 323.48 2.99
33325 338 33355 3.67
34321 3.76 34350 441
353.22 414 353,57 521
36321 454 363.54 6.08

2 Kij=0.001116T—0.2307, A1 =—2.534-T+1867.153, Ay; =2.490-T+351.268, | Ap|
(%)=9.2.

b Kjj=0.00574T - 3.0269, A1, =14.331.T—3908.572, A1 =2.298.T+570.848, |Ap|
(%)=94.
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Fig. 2. Pressure-temperature diagram, as function of CO, mole fractions, of the binary systems: (a) CO, +[THTDP][Cl] and (b) CO, +[THTDP][NTf; ].

refers to the CO, and ‘2’ for the ionic liquid. This table is divided in
sections for each system studied. The properties of the compounds
used in the modeling are reported in Table 4. As depicted in Fig. 4,
the model provides a good description of the experimental data. The

Table 4

Properties of the substances used in the modeling.
Compound T¢/K Pc/MPa w i q
CO, 304.212 7.38 0.2236° 3.26 2.38¢
[THTDP][NTf,] 1588.22>  851° 0.8801>  82.08°  52.97°
[THTDP][CI] 1225.80° 7.95° 0.7698° 69.29¢ 44.07¢
2 Ref. [47].

b Calculated with [48].
¢ Calculated with [49].

equation of state was then used to estimate the Henry’s constant
for the studied systems.

The Henry's law relates the amount of gas dissolved in a liquid,
at a constant temperature and pressure, to the fugacity of that gas
and can be described as
L

- f;
Hqy(T,P) = lim -
12(T, P) S

(8)

where Hy,(T, P) is the Henry’s constant, x; is the mole fraction of gas
dissolved in the liquid phase, and f{- is the fugacity of the gas in the
liquid phase. Eq. (8) is only rigorously valid in the diluted region
limit. The Henry’s constants for CO, in the investigated ILs were
estimated by fitting the PR-WS/UNIQUAC model to the experimen-
tal data and calculating the limiting slope defined in Eq. (8) as the
solubility approaches zero. This approach introduces some uncer-

273



PJ. Carvalho et al. /]. of Supercritical Fluids 52 (2010) 258-265

60
35 -
= [CEmim) [pFAP] 298 K +
30 | AITHTOPIINTI2] 303K
so | | A[THTOP)INTE2) 333K 2 i
25 | O[THTOPJ[CY 333K +
+[CSmim)[NTF2) 333 K %
w0 | 20 | [Csmim][bfap] 333K
B [Cémim)[pFAP] 333 K
15 | + s o
°
a m_e -
FEY ¢ A
= 1.0 a9 =
Do ™ i
. -
05 Y &
e - A 4
20 » A ° .
00 @82 = "
005 01 045 02 025 03 035 044 A‘ A
°
10 ¥ = ,AA
res a
b doa * ge { o a
o, -
o oo 5o MRS, - 4
[} 01 0.2 03 04 05 06 07 08 09

263

Fig. 3. Pressure-composition diagram of the binary systems: (@ ) CO,+[THTDP][Cl], (A , A ) CO,+[THTDP][NTf,], (Ml , wmm ) CO; +[Cemim][pFAP] [9,15], (¢ )
CO, +[Csmim][pFAP] [9], and (+ ) CO, +[Csmim][NTf,] [18].

@ 25

20

15

p/MPa

10

(b) 20

15

10

p/MPa

0.6

0.7

0.8

0.9

0.6

0.7

0.8

0.9
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Table 5
Coefficients A and B in Eq. (4) and partial molar enthalpy and partial molar entropy of solvation obtained for CO, +ILs systems.
Tonic liquid A B |AH1,| (%) AgoH (k] mol-1) AgoryS (Jmol-' K1) —T-AgoSlr=208x (kK] mol=1)
[THTDP][NTf, ] —1268.272 5.015 0.65 -10.54 -3231 9.63
[THTDP][CI] —2147.851 e81 0.84 -17.86 —53.86 16.06
10
9
8
7
6
)
s
£5
o

2 3 4

0
Mo

Fig. 5. PTm® diagram for the systems CO, +ILs. The solid lines represent the universal correlation previously proposed [17].

tainty on the estimated Henry’s constants but the values of these
constants for the two studied ILs are different enough to allow a
discussion of the CO, solubility in the two ionic liquids based on
these values. The estimated Henry’s constants results, reported in
Table 3, indicate that Henry’s constant slightly decreases (i.e., CO,
solubility increases) with the temperature.

The results for the Henry’s constant of CO, in [THTDP][NTf, ] and
in [THTDP][Cl] were correlated as a function of temperature by an
empirical equation of the type:

ln(Hu):A(l) +B )

T
where the coefficients A and B are listed in Table 5, together with
the Henry's constant average absolute deviations, | AH;5|, obtained
for each ionic liquid.

The effect of temperature on CO, solubility can be related to the
Gibbs energy, the partial molar entropy and partial molar enthalpy
of solvation [46] and can be calculated from an appropriate corre-
lation of Henry’s constant:

AsonG° = R-T(In(H12)) (10)
A1, G° dlnH
AgoH° = -T2 <—5“T’” >:—R»TZ(—3T 12),, (11)

Asoh/HQ - AsolvGa
T

dIlnH
AgoipS® = =R-T? < 3 12> =-R-In(H12)p

The partial molar enthalpy of solvation gives an indication of
the strength of interactions between the gas and the IL, while the
partial molar entropy illustrates the amount of ordering present in
the gas/IL mixture. The results presented in Table 5 show that the
partial molar entropy of CO, in [THTDP][CI] is somewhat higher

than in [THTDP][NTf,], indicating a stronger structural solvation
interaction for the CO,/[THTDP][CI] system. The partial molar
enthalpy of solvation of the CO, in [THTDP][NTf,] is higher than in
[THTDP][CI], indicating a stronger interaction between the CO, and
the [THTDP][CI]. The partial molar enthalpies of solvation observed
for these ILs are however similar to those previously reported by us
for the imidazolium-based ionic liquids [C4mim ][ Trifluoroacetate],
[C4mim][Dicyanamide] and [C4mim][NTf;] [11,18,35] showing
that solvation of CO, on phosphonium ILs is similar to what is
observed in imidazolium ILs, and driven mainly by entropic effects
[17]. Based on this idea, we have proposed a universal correlation
for the solubility of CO, in ionic liquids [17] that can be described
by Eq. (13)

g m? £(6.8591(~2004.3/T))

(13)
where m? is the carbon dioxide concentration in molality.

In Fig. 5, the predictions obtained are compared to the experi-
mental data measured in this work. As can be seen a good prediction
(=7% and 20% for the [THTDP][NTf, ] and [THTDP][Cl], respectively)
of the experimental data can be obtained using this approach.

4. Conclusions

CO, solubility in, trihexyltetradecylphosphonium bis(trifluoro-
methylsulfonyl)imide and trihexyltetradecylphosphonium chlo-
ride was studied in a wide range of temperatures and pressures. It
is shown that phosphonium ionic liquids can dissolve even larger
amounts of CO, (on a molar fraction basis) than the imidazolium-
based ILs with the same anion. The solubilities here reported are
the largest observed for ionic liquids in absence of chemical inter-
actions. Moreover, an interesting increase of the CO solubility with
temperature was observed for these ILs at very high pressures.

A thermodynamic model based on the Peng-Robinson EoS with
the Wong-Sandler/UNIQUAC mixing rule was used with success
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in the correlation of the measured data. The model provides a
good description of the experimental data and the estimation of
the Henry’s constants for these systems. The enthalpies of solva-
tion derived from the Henry’s constants show a lower interaction
between the CO, and the ILs than previously observed for the imi-
dazolium ionic liquids. A correlation for the solubility of CO, in ILs
previously proposed by us was applied to the description of the data
here measured showing a good agreement with the experimental
data measured.
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Abstract:

The use of ionic liquids for CO, capture and natural gas sweetening is being object of intense
research. Within the enormous group of existing ionic liquids, those based on conjugate bases of
carboxylic acids seem to be particularly promising. This work addresses the study of the high
pressure CO, solubility (up to 80 MPa) in two protic ionic liquids, N-methyl-2-
hydroxyethylammonium formate and N-methyl-2-hydroxyethylammonium acetate, in a wide range
of temperatures (293 K to 353 K). A thermodynamic model based on the Peng—Robinson equation
of state with the Wong—Sandler mixing rule, using the NRTL model for the activity coefficients,
was here adopted to describe and evaluate the thermodynamic consistency of the experimental data.
Furthermore, the study of a ternary mixture of CO, + CH4 + N-methyl-2-hydroxyethylammonium

acetate was investigated showing a high selectivity from the IL towards these solutes.

Keywords: Brgnsted ionic liquids, protic ionic liquids, carbon dioxide, supercritical, N-methyl-2-
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hydroxyethylammonium acetate, N-methyl-2-hydroxyethylammonium formate, solubility.

1. Introduction

Ionic liquids (ILs) are a new class of solvents composed only of ions but whose size and
shape differences allow them to remain liquid at temperatures below 100°C. Among other
interesting properties they present negligible vapor pressures, high thermal stabilities, large liquid
phase range, no flammability and high solvation capacity. The possibilities of fine tune the ILs
properties, through an endless combination of cations and anions, allow the design of solvents for
task specific applications leading to more efficient and sustainable processes and products.

Until now, studies concerning ionic liquids have been based on the imidazolium cation and, to a
lesser extent, on the alkyl pyridiniums and trialkylamines [1]. Protic ionic liquids (PILs) have,
however, received limited attention from the academia. The first PIL reported, ethanolammonium
nitrate, was reported by Gabriel and Weiner in 1888 [2], followed by ethylammonium nitrate
(EAN), in 1914, synthesized by Walden [3]. These PILs were produced by a stoichiometric acid-
base Brgnsted reaction and their main difference, compared to aprotic ILs (AILSs), is the presence of
at least a proton, which is/are able to promote extensive hydrogen bonding [4]. These liquids
present some characteristics, such as a slightly lower conductivity and stability, which may reduce,
at first, their interest for a number of applications. However, their low cost, simple synthesis and
purification methods, low toxicity and high biodegradation character, among other set of appealing

characteristics, overcomes those limitations for many different purposes.

Recently, some work has been reported on the synthesis, physicochemical and structural
characterization of PILs. Bicak [5] synthesized the 2-hydroxyethylammonium formate (2-HEAF),
an ionic liquid formed by the neutralization of monoethanolamine with formic acid. Greaves et al.
[6] proposed different protic ionic liquids from primary amines and organic and inorganic acids.

Cota et al. [7], Kurnia ef al. [8] and Alvarez et al. [9] synthesized a family of these ILs by
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modifying the aliphatic chain of the organic acid and/or using secondary and tertiary
hydroxyamines. There were also studies that use PILs in catalytic reactions [7] and on the
interaction with hydroxilic solvents (like water and alcohols), showing that 2-HEAF is soluble in
water, ethanol and methanol in all the concentration range [10]. Moreover, a relevant aspect,
considering the interest in these substances as more environmentally sustainable solvents, is their
potential toxicity. This issue has not been sufficiently studied until now, especially taking into
account the need of this information to fulfill the REACH (Registration, Evaluation, Authorization
and Restriction of Chemical Substances) requirements (UE) and so, allowing the assessment of
hygiene and safety issues derived from their manufacture, use, and transport in the industrial sectors
in which these substances will be applied. In what is referred to PIL"s, the first results highlight that
total biodegradation and low toxicity are intrinsic characteristics of these kind of ionic liquids [11,

12]

The presence of an anion with a strong basic character suggests that PILs could be an interesting
alternative to be applied to processes with supercritical gases for capture of acid gases, such as COy,
H,S and SO, [13-15]. In order to study the viability of such alternative, vapor-liquid equilibria data
at high and moderate pressures are necessary. Thus, in the wake of previous studies [16-19], this
work investigates gas-liquid equilibrium of binary CO, + N-methyl-2-hydroxy ethylammonium-
based ILs systems, in temperatures up to 363.15K and pressures up to 80 MPa. Furthermore, the
study of a ternary mixture of CO, + CH4 + N-methyl-2-hydroxyethylammonium acetate was also

investigated, showing a high selectivity from the IL towards these solutes.

The Peng—Robinson equation of state with the Wong—Sandler/NRTL mixing rule, using the
NRTL model for the activity coefficients, was used to model the experimental data measured in this
work.

2. Experimental Section

2.1. Materials
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Two protic ionic liquids, N-methyl-2-hydroxy ethylammonium acetate, m-2-HEAA, and N-
methyl-2-hydroxy ethylammonium formate, m-2-HEAF, were used in this study. Both ionic liquids
were synthesized, at our laboratories, by reacting equimolar amounts of amine and organic acid.
The amine was placed in a three necked glass flask, mounted in a thermal bath at 283.15 K,
equipped with a reflux condenser, a PT-100 temperature probe for controlling temperature and a
dropping funnel. Strong agitation (ca. 450 rpm) was applied in order to improve the contact
between the reactants allowing the reaction to be completed. The organic acid was added drop wise
to the flask under stirring with a magnetic bar. Stirring was continued for 24 h at laboratory
temperature, in order to obtain a final viscous liquid. Then, agitation, slight heating (temperature up
to 293.15 K for m-2-HEAF and up to 323.15 K for m-2-HEAA) and moderate vacuum (20 KPa) for
the vaporization of residual non reactants were applied for at least 48 h. During the purification step
and storage the m-2-HEAF was light protected in order to prevent any degradation. More details
about the synthesis can be found in Alvarez ef al. [9]. The ionic liquids were dried under high
vacuum (10 Pa), for a period never smaller than 48 h, and the structure and purity checked by 'H
NMR and *C NMR both before and after the measurements. These spectra have shown purity
better than 95% (w/w). The adopted purification procedure assures that water and volatile
compounds are removed and consequently the influence of these impurities on the thermophysical
properties of ILs minimized [20-22].

The final water content was determined with a Metrohm 831 Karl Fischer coulometer, indicating
a water mass fraction of (184 and 60)10° for m-2-HEAA and m-2-HEAF, respectively.

The carbon dioxide (CO;) and methane (CHy4) were acquired from Air Liquide. The CO, presents
a purity of > 99.998 % and H,0, O,, C,H,,, N, and H, impurities volume fractions lower than (3, 2,
2, 8 and 0.5)*10°®, respectively, while the methane presents a purity of > 99.9 % and H,0, O,, CO,,
CuHy, Np, Hy and C;Hg impurities volume fractions lower than (20, 50, 10, 80, 500, 40 and

400)210°, respectively.
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2.2. Experimental equipment

The high pressure equilibrium cell used in this work is based on a cell designed by Daridon et
al. [23-27] using the synthetic method. Both the apparatus and the methodology here followed were
fully described in previous works [16-19], and shown to be adequate to accurately measure vapour—
liquid phase equilibrium in a wide range of pressures and temperatures. The temperature is
measured with a high precision thermometer, model PN 5207 with an accuracy of 0.01 K,
connected to a calibrated platinum resistance inserted inside the cell close to the sample. The
pressure is measured by a piezoresistive silicon pressure transducer (Kulite) fixed directly inside the
cell to reduce dead volumes, that was previously calibrated and certified by an independent
laboratory with IPAC accreditation, following the EN 837-1 standard and with accuracy better than
0.2%. The accuracy for the measured mole fraction of gas dissolved in the liquid phase was better

than 0.003.

The purity of the IL is checked again by NMR at the end of the study to confirm that no degradation

takes place during the measurements.

2.3 Thermodynamic Modeling
The well known Peng-Robinson equation of state [28],

p= RT i a
V-b V(V+b)+b(V-b)

ey

where the constants a, and b, are expressed as functions of concentration of the different
components in the mixture through the Wong and Sandler mixing rule [29] using the NRTL model
[30] for the activity coefficient was applied to the modeling of the experimental data and the
thermodynamic consistency was studied with the method of Alvarez and Aznar [31, 32].

)

b, =— i 2
g A @)
b,RT QRT

i
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3)

o) _ (b, +b,) -k, ),/aua” "
RT), 2
in these equations, a,, and b,, are the EoS constants, £ = 0.34657, and A 0, the excess Helmholtz
free energy at the limit of infinite pressure, that is calculated assuming that AE DDAR. 0GR
where G” is the excess Gibbs free energy at the limit of zero pressure here calculated using the
NRTL model [30]. The equations for the NRTL model to calculate the activity coefficient in
multicomponent systems are:
N

GE N ZGJI

= Zx In‘—— ©)

i=1 Zlexk
Ty = (Tij # Tji) ’ Gij = exp(— aijTij) (aij = aji) (6)

where A; and Aj; represent the interaction energy between molecules i and j, R is the universal

constant of gases, T is the temperature, and «; is the non-randomness parameter.

Furthermore, the proposed model was applied, in the diluted region limit, to determine the
Henry's constant for the studied systems. The Henry's law relates the amount of a given gas
dissolved in a given type and volume of liquid, at a constant temperature, to the fugacity of that gas

in equilibrium with that liquid and can be described as

: f
H,(T,P)= hmxl—>0 x—l' (7

where H»(T, p) is the Henry’s constant, x; is the mole fraction of gas dissolved in the liquid phase,
and 1% is the fugacity of the gas in the liquid phase. Furthermore the proposed model was applied,

in the diluted region limit, to determine the Henry's constant for the studied systems.
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The results for the Henry’s constant of CO; in m-2-HEAF and in m-2-HEAA were correlated as a

function of temperature by an empirical equation of the type:
1
In(H,,)= A(?j +B ®)

The correlation of the experimental data was carried by the minimization of the objective

function, OF, for

N Pcal _ chp 2

i1 o

where N is the number of data points, p is the pressure, the superscripts “exp” and “cal” refers to the
experimental and calculated values respectively, and o, is the standard deviation of pressure. The
experimental uncertainties in the pressure data were used for [J,. The minimization method was
performed using a genetic algorithm code, implemented and fully explained in Alvarez et al. [33].
The difference between experimental and calculated values was calculated as the average percent

deviation, expressed in absolute form, as follows:

N cal __ pexp
100 [P P} 10)

Ap| = ——
| p| N P PCXP

Results and Discussion

The solubility of carbon dioxide and methane in the studied ILs was measured for
concentrations from (0.2 to 0.9), in the temperature range (293 to 363) K and pressures from (0.1 to
80) MPa. The solubility data is reported in Tables 1 through 3 and plotted in Figures 1a, 1b and 2. It
follows the typical solubility behavior decreasing with temperature and increasing with pressure as

observed previously for other ILs [16-19].
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Table 1. Bubble point data of the system CO, (1) + m-2-HEAF (2).

X T/K p/MPa X7 T/K p/MPa X; T/K p/MPa X; T/K p/MPa X T/K p/MPa
0.057 29322 0494 0.119 29321 1.194  0.172 29330 1.835 0.231 29326 2482 0281 29337 3.108
0.057 303.07 0.666 0.119 303.12 1563 0.172 30322 2317 0.231 303.15 3.155 0.281 303.27 3.959
0.057 31325 0.889 0.119 313.16 1912 0.172 313.16 2.843 0.231 31326 3.895 0.281 313.33 4.940
0.057 323.28 1.105  0.119 32328 2284 0.172 323.18 3435 0231 32322 4746 0281 323.13 50985
0.057 333.31 1.354  0.119 33330 2710 0.172 33325 4.078 0231 33321 5622 0281 33315 7.176
0.057 34342 1.662 0.119 343.18 3.133 0.172 34327 4742 0231 34329 6.576 0.281 343.19 8456
0.057 35326 1950 0.119 353.19 3.612 0.172 353.18 5414 0231 35320 7.572 0281 35324 9.764
0.057 363.21 2280 0.119 36327 4071 0.172 36323 6.112 0231 36331 8549 0.281 363.42 11.138
X T/K p/MPa X T/K p/MPa X; T/K p/MPa X; T/K p/MPa X T/K p/MPa
0.336  293.27 3.808 0.381 29330 4417 0429 29332 5116 0483 29329 12.094 0.534 29332 26.849
0.336  303.18 4.885 0.381 30323 5746 0429 303.14 6950 0483 30320 17.625 0.534 303.37 32578
0.336 313.12  6.150 0.381 313.10 7366 0429 31331 11.215 0483 31330 22384 0.534 31332 37.662
0.336  323.23 7.632 0.381 323.11 9467 0429 32328 15.098 0483 32329 26.654 0.534 323.17 42016
0.336  333.17 9293  0.381 33325 12.078 0429 33333 18.618 0.483 33325 30414 0.534 33327 45617
0.336 34323 11.098 0.381 34323 14.687 0429 34321 21.819 0483 34323 33.635 0.534 34328 48511
0.336  353.28 12966 0.381 353,50 17.347 0429 35323 24718 0483 35321 36.359 0.534 35322 50.852
0.336  363.17 14818 0.381 36331 19.623 0429 363.15 27.090 0483 363.25 38.678 0.534 363.28 52910
Table 2. Bubble point data of the system CO, (1) + m-2-HEAA (2).

Xy T/K p/MPa x, T/K p/MPa x; T/K p/MPa x T/K p/MPa

0.157 31327 0.840 0.208 313.12 1.732 0249 31293 2790 0.299 313.28 3.903

0.157 32340 1230 0.208 32333 2.194 0.249 32322 3571 0.299 32337 4.865

0.157 333.60 1.680 0.208 33336 2.774 0.249 333.16 4225 0.299 333.59 6.070

0.157 34342 2.151 0208 34337 3438 0249 343.06 5.027 0299 34337 7421

0.157 35325 2.682 0208 35328 4.187 0249 35331 6235 0.299 35344 8923

0.157 363.20 3357 0.208 362.62 4910 0249 36348 7.794 0.299 363.27 10.516

X T/K p/MPa x; T/K p/MPa x; T/K p/MPa

0402 31326 7.498 0452 313.02 19475 0.500 313.09 46.587

0402 32321 10.590 0452 323.16 26.393 0.500 323.23 55.198

0402 33323 14.872 0452 33333 33.002 0.500 33333 62.754

0402 34325 19405 0452 34331 38.887 0.500 343.36 69.597

0402 353.19 24.254 0452 353.48 44317 0.500 353.38 75.591

0402 363.25 28.545 0452 363.61 49.244 0.500 363.35 80.500
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Figure 1. PTx diagram and modeling for the systems CO;, + m-2-HEAF, 293.15(e), 303.15(A),
313.15(m), 323.15(¢), 333.15(0), 343.15(A), 353.15(0), 363.15(0) (a) and CO, + m-2-HEAA,
313.15(e), 323.15(A), 333.15(m), 343.15(#), 353.15(0), 363.15(A), (b). The solid line represents
the calculations from PR-WS/NRTL EoS.
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Figure 2. Pressure—temperature diagram of the systems CO; (Xxc02=0.25) + m-2-HEAA
(xi.=0.75) and CO; (xc02=0.24) + CHy4 (xcps=0.05) + m-2-HEAA (x;1=0.71). Na figura concertar
as siglas dos LlIs.

Table 3. Bubble point data of the system CO, (1) + CHy4 (2) + m-2-HEAA (3).
X7 X2 T/K p/MPa
0.236 0.052 313.13 32.85
0.236 0.052 323.30 33.29
0.236 0.052 333.11 34.02
0.236 0.052 34323 34.96
0.236 0.052 353.25 35.95
0.236 0.052 363.37 36.92

The carbon dioxide solubility in the m-2-HEAF and m-2-HEAA ILs, at 313 K, is compared
with the CO, solubility in the 2-HEAF and 2-hydroxy ethylammonium acetate (2-HEAA)
reported by Yuan et al. [14] as depicted in Figure 3. The inclusion of a methyl group on the cation
leads to an increase of the CO, solubility which is in agreement with the conclusions of our
previous work showing that the physical sorption of CO, increases with the molecular weight of
the compound when the concentration is expressed in mole fractions [34]. Furthermore, while the
addition of a methyl group produces a slight increase of the CO; solubility in the formate-based

ionic liquid (m-2-HEAF and 2-HEAF have similar solubility values at ca. 2 MPa) for the acetate-
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based ILs it leads to a higher increase. The m-2-HEAA phase behavior suggests that, for low CO,
mole fractions exists chemical interaction between the CO, and the IL. The formation of electron
donor acceptor (EDA) complexes between CO, and acetate anions was previously observed by
BC HRMAS NMR spectra for the CO, + 1-butyl-3-methylimidazolium acetate, [C4smim][Ac],
system [17]. The formation of the EDA complex is here confirmed since, as previously observed
[34] for the CO, + [C4mim][Ac] system, the CO, + m-2-HEAA system, unlike CO;, + m-2-HEAF
system, does not follow the universal correlation previously proposed [34], as depicted in Figure
4. Moreover, the chemisorption present at low CO, mole fractions, leads in the m-2-HEAA
system to solubilities higher than those observed for ammonium-based ILs with similar molecular
weight [14] for pressures up to ca. 4 MPa. For higher pressures the solubility becomes slightly
lower and the equilibria pressure increases exponentially. This can be explained considering that
m-2-HEAA forms the EDA complexes with carbon dioxide in the low pressure region where the
chemical absorption is the predominant phenomena. Upon saturation the physical dissolution
becomes predominant with small solubility changes induced by large pressure variations. This
trend was also observed with another acetate based IL where chemical followed by physical

absorption takes place [17].

287



S 12
= | a m-2-HEAA
S~
Q
10 - A 2-HEAA A
L O A
m m-2-HEAF (=|
8 r A
| O 2-HEAF o O
6 r 0 A .
5 ]
| A
4 F ol A
B A = A
O
2 O3-@ i
0 A
O 1 | 1 1 1 1
0.1 0.2 0.3 0.4

Xcoz

Figure 3. Comparison between the CO; solubility, at 313 K, in m-2-HEAF and m-2-HEAA
and that in 2-HEAF and 2-HEAA previously reported by Yuan et al. [12].
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Figure 4. Pressure—molality diagram of the systems CO;, + m-2-HEAF and CO; + m-2-HEAA.
The solid and dashed line represents the universal correlation for 313 K and 363 K, respectively
[34].

The results of the application of the thermodynamic consistency test to the binary systems

288



are presented in Table 4, the properties of the substances used in the modeling in Table 5. They

show that the data from CO, + m-2-HEAF binary system is thermodynamically consistent (TC),

while the CO, + m-2-HEAA binary system is not fully consistent (NFC). Nonetheless, the

elimination of the data points with individual area deviations greater than 20% leads to consistent

data for the remaining points. The CO, + m-2-HEAA system presents high deviations for the

isopleths at x; = 0.5, for temperatures lower than 343 K, and x; = 0.157, for temperatures over

343 K. Therefore, the isotherms with these compositions are not fully consistent. Nonetheless, the

model provides a very good description of the experimental data, as depicted in Figures la and

1b. Also, Table 4 shows the calculated coefficients A and B for the equation (8) together with the

Henry’s constant average absolute deviations, IAH |, obtained for each ionic liquid.

Table 4. Results of the consistency test using PR+WS/NRTL, with estimated kij, o, A12 and A21
parameters, and Henry constant predicted

An Az Hj;
NP T (K) kij a KJ/Kmol KJ/Kmol |API(%) Result MPa
CO; + m-2-HEAF, In H;, =-2163.8783/T + 9.7305, %I|AH,|=2.2
6 293.15 -0.9995 05500 -41071.4023  18683.8926 5.5 TC 9.91
6 303.15 -0.0852  0.4706 7901.9165 56426.9609 1.9 TC 13.95
6 313.15 -0.2812  0.3850  9843.7500 -65.5746 0.3 TC 17.06
6 323.15 -0.1106  0.4493 7648.2334 33752.0586 0.2 TC 20.96
6 333.15 0.4536 0.3253 1926.8668 46596.8359 0.3 TC 25.55
6 343.15 0.4073 0.5391 2646.3318 24960.9375 0.4 TC 31.17
6 353.15  0.5625 0.3613 1859.4362 39505.7617 0.4 TC 36.42
6 363.15 0.6750 0.4489 1569.2855 30238.8379 0.4 TC 42.42
CO;, + m-2-HEAA, In Hy, =-3304.5677/T + 12.2156, %|AH:1=2.6
7 313.15 -0.9980  0.2527 -71728.2344  -3126.9836 9.6 NFC/TC 5.12
7 323.15  0.1860 0.3805  -49838.1055  -3911.3367 11.1 NFC/TC  7.52
7 333.15 -09780  0.2724 -78574.2422  -3889.1602 1.9 NFC/TC  10.15
7 343.15  1.0000 0.3721  -89949.1953  -8085.9268 7.6 NFC/TC  12.85
7 353.15 0.1937 0.2000  31291.0371 -3864.1941 6.6 NFC/TC  18.21
7 363.15 0.2360 0.2000  29020.3438 -4191.6221 54 NFC/TC  21.86
TC: thermodynamically consistent; NFC: Not fully consistent
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Table 5. Properties of the substances used in the modeling.
Compound Ty /K T. /K P. /MPa 0
CO, 304.21° 7.38° 0.2236
m-2-HEAF  514.55° 698.95°  4.14>  0.9359°
m-2-HEAA  538.13° 715.66" 333 0.9836°
“ref, [35]; "Calculated with [36]; “Calculated with [37]; “Calculated with [38]

The introduction of methane, CH4 (mcy 4:0.082 g), in the binary system m-2-HEAA + CO,
(Xc0,=0.249) leads to a strong increase on the equilibrium pressure as shown in Figure 2. This

indicates that methane, unlike the carbon dioxide, is poorly soluble on this PIL and suggests that
the 2mHEAA could be used to selectively separate the carbon dioxide from methane.
Conclusions

Gas solubilities of carbon dioxide in two protic ionic liquids, namely N-methyl-2-hydroxy
ethylammonium acetate and N-methyl-2-hydroxy ethylammonium formate, was presented for
temperatures from (293 to 353) K and pressures up to 80 MPa.

Comparison with other similar fluids indicates that while the m-2-HEAF presents no
specific interaction towards the CO, whereas the m-2-HEAA asymmetric and nonideal phase
diagram suggests that this ionic liquid interact chemically with the carbon dioxide at low CO,

molar concentrations.

The data here reported were well correlated by the PR EoS and found to be
thermodynamically consistent for the m-2-HEAF + CO; system and not fully consistent for the

m-2-HEAA + CO; system.

The high solubility pressures exhibited by the ternary mixture CO, + CHs + m-2-HEAA
indicate the m-2-HEAA could be used to selectively separate carbon dioxide from methane

mixture.
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4.2.2.4 Equilibrio liquido-liquido

A metodologia experimental utilizada foi validada em trabalhos anteriores (Oliveira, 2009) e foi
utilizada para determinar o ELL para o sistema terndrio butirato de N-metil-2-hidroxietilamodnio
+ dibenzotiofeno + n-dodecano a 298,15 K a pressdo atmosférica (= 95 kPa). O liquido i6nico foi
sintetizado e purificado como descrito nas secdes anteriores € os outros compostos foram

utilizados sem purificagdo adicional.

Como descrito na secdo anterior a curva binodal foi obtida por pontos de névoa. Logo, os dados

de pontos de névoa foram utilizados para obter as curvas de calibracao:

n2 =1,6619+0,2073w,, 4.1
n2 =1,4559+0,2115w,,, 42

Como o liquido i6nico nao € solivel no n-dodecano, temos um sistema bindrio na fase alifatica, a
solucdo dibenzotiofeno + n-dodecano. A curva de calibracio para este sistema foi obtido de

Oliveira (2009).

nZ =1,4196+0,1732w,,, 43

Os resultados foram analisados no artigo apresentado por Oliveira et al (2010)
Artigo publicado:

O seguinte artigo contém os dados experimentais ¢ a modelagem do sistema terndrio m-2-HEAB

+ benzotiofeno + n-dodecano.

OLIVEIRA, L. H.; ALVAREZ, V.H.; AZNAR, M. Liquid-liquid Equilibrium for n-dodecane +
DBT + n-methyl-2-hydroxyethylamonium butyrate at 25°c and 95 kPa, aceito no XVIII
Congresso Brasileiro de Engenharia Quimica, COBEQ 2010, Foz do Iguacu, 2010.
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Artigo 4.14: Liquid-liquid equilibrium for n-dodecane + DBT + n-methyl-2-
hydroxyethylamonium butyrate at 25°C and 95 kPa

L. H. de OLIVEIRA, V. H. ALVAREZ and M. AZNAR’

Universidade Estadual de Campinas, Faculdade de Engenharia Quimica
*e-mail: maznar@feq.unicamp.br

ABSTRACT - In this work, liquid-liquid equilibrium (LLE) data for n-dodecane +
dibenzothiophene (DBT) + n-metil-2-hidroxiethyl butyrate (m-2-HEAB) at 25 °C and
atmospheric pressure (= 95 kPa) were determined by refractometry and compared with
data for [emim][EtSO4] and [emim][DEtPO,]. DBT and its derivatives represent the
most difficult diesel sulfur pollutants to remove by the conventional process of
hydrodesulfurization (HDS). This system presents a small liquid-liquid equilibrium
region at the bottom of ternary diagram. The LLE data were used to analyze the DBT
extraction from n-dodecane as model diesel oil. DBT distribution coefficient, solvent
selectivity and extraction data indicate that m-2-HEAB is not as good solvent for DBT
extractive desulfurization (EDS) from dodecane as [emim][EtSO4] or
[emim][DEtPO4]. Hand and Othmer-Tobias correlations present Rz > 0.99. NRTL
model was used to correlate LLE data and shows mean square deviations < 0.02%.

KEYWORDS: ionic liquids, extractive desulfurization, dibenzothiophene.

1. INTRODUCTION

It is well known that the sulfur present in fuels pollutes the atmosphere in the form of SOx.
Moreover, this compound inhibits the control pollution equipment performance (Aradjo et al.,
2010). Brazil follows the tendencies of USA (limit to 15 ppm since 2006), Japan and the Europe
(10 ppm since 2009), to reduce the maximum sulfur content in diesel oil from 5000-2000 ppm to
50 ppm in 2009 (Babich & Moulijn, 2003). In order to achieve these environmental laws, liquid
extraction with ionic liquids as a complementary process to the usual hydrodesulfurization has
received academic attention in the last decade (Zhang et al., 2004; Eer et al, 2004; Alonso et al.,
2008), since HDS requires hard conditions to operate (>300°C, >30 bar, H, large amounts,
expensive catalysts, etc) [5], it is not effective to remove some sulfur compounds, such as the
sterically hindered dibenzothiophenes by DBT itself, 4-methyl-dibenzotiophene (4-MDBT) and
4,6-dimethyl-dibenzotiophene (4,6-DMDBT) (Kwak et al, 2000).

Diesel EDS process involves separation of DBT derivatives from fuel by utilizing a liquid
extracting agent that is not miscible with diesel. EDS can be performed at mild operation
conditions (low pressure and temperature). Literature data for EDS involving ionic liquids as
extracting solvents, DBT derivatives as solute sulfur species, and C;,-C;¢ as model diesel oil,
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consists solely in extraction curves data (Zhang et al., 2004; Efer et al, 2004). However, phase
equilibrium involving an ionic liquid + a non aromatic sulfur compound + an alkane with aim in
diesel and gasoline desulfurization had been recently reported (Alonso et al., 2008).

In this work, LLE data were determined for n-metil-2-hidroxiethyl butyrate + DBT + n-
dodecane as model diesel oil, at 25°C and atmospheric pressure (= 95 kPa).

2. EXPERIMENTAL

2.1. Materials: The properties of chemicals used are listed in Table 1.

Table 1 — Properties of the pure components

Chemical MM np (25°C)

(g/mol) Exp. Lit.
m-2-HEAB 163.21 1.4563 1.4549°
DBT 184.26 - -
n-dodecane 170.33 1.4196 1.42011°

? Alvarez et al. (2010), ° Alonso et al., 2008

The m-2-HEAB ionic liquid were synthesized in our laboratories as shown in Alvarez et al.
(2010). The difference in refractive indexes can be explained by humidity content. Removal of
residual volatile compounds and moisture from ionic liquids was carried out under vacuum (8
kPa) and magnetic stirring at 50°C for 24 h. After, ionic liquids were stored under nitrogen
atmosphere. Water content below 500 ppm was achieved. Other chemicals were used as received
and purchased from Fluka.

2.2. Procedure: Experiments were carried out in equilibrium cells, such as suggested by
Sandler (2006) and described by Oliveira (2009). The cell temperature was regulated by a Tecnal
TE-184 thermostatic bath, accurate to +0.1°C.

The cloud point method of Letcher and Siswana (1992) was utilized for determination of
binodal curves in the ionic liquid rich phase, by titration of known binary mixtures of aromatic
sulfur + ionic liquid with n-dodecane until constant turbidity. Then, the refractive index (np) of
each point was measure in triplicate with a Mettler-Toledo RE 40D refractometer for
determination of calibration curves. The np of known binary (n-dodecane + DBT) binodal curves
was measured by Oliveira (2009).

In phase equilibrium experiments, ternary mixtures of known composition within the
immiscibility gap were prepared by weighing the components within the cell using a Shimadzu
AX200 analytical balance, accurate to * 1x10™ g. The mixtures were hardly agitated with a
Fisatom 752 magnetic stirrer for 12 h in order to allow an intimate interaction between the
phases, and decanted for 24 h until equilibrium phases settle down. The system separate in two
clean liquid phases. For binary SLE, pure DBT precipitates in equilibrium with a saturated
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mixture of n-dodecane + DBT (Oliveira, 2009). For each liquid phase of unknown composition
the refractive index was measured in triplicate and the average used for composition
determination.

3. RESULTS AND DISCUSSION

3.1. Cloud Points and Calibration Curves: the mass fractions (w), refractive indices and standard
deviation (o) of cloud points determined are shown Table 2. Applying linear regression on these
data, the equations of calibration curves obtained for m-2-HEAB rich phase are:

ny” = 1.6619- 0.2072 w, (1
ng” = 1.4559 + 0.2115w; (2)

Table 2 — Mass fraction (w), refractive index (np) and standard deviation (o) of cloud points for
m-2-HEAB (1) + DBT (2) + n-dodecane (3) at 25°C.

W1 \%%) np 1040
0.9933 0.0000 1.4560 0.58
0.9892 0.0049 1.4569 0.58
0.9834 0.0095 1.4579 0.00
0.9783 0.0151 1.4591 0.58

The binary n-dodecane + DBT calibration curve points are reported elsewhere (Oliveira,
2009).

3.2. Experimental equilibrium data: LLE data (mole fractions) for m-2-HEAB + DBT + n-
dodecane at 25°C and atmospheric pressure (= 95 kPa), are reported in Table 3. The Nersnt
distribution coefficient and the selectivity of the solvent was calculated by Equations 3 and 4.

Kn=7F 3)

S=—"4 4)

In Egs. 3 and 4, “2” refers to DBT and “3” to n-dodecane; the superscripts “ilp” and “ap” refer to
ionic liquid and alcane phase, respectively.

Rectangular and triangular diagrams representing the LLE data are shown in Figure 1. As
visualized in triangular diagram, the LLE region is at the bottom, as noted by Efer et al. (2004).
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Inclination of tie-lines in Figure 1 and the distribution of DBT in both phases (Figure 2)
shown that the solute solubilizes preferably in n-dodecane. Selectivity values above 70 (Figure
3), leads to the fact that m-2-HEAB shows a similar behavior of [emim][EtSO4], and presents
lower values of selectivity than [emim][DEtPO,].

Table 3 — Equilibrium data for m-2-HEAB (1) + DBT (2) + n-dodecane (3) at 25°C.

X1 Xo np 10%

N-dodecane rich phase

0.0000 0.0128 1.4220 1.00

0.0000 0.0247 1.4242 0.58

0.0000 0.0353 1.4262 0.00
lonic liquid rich phase

0.9876 0.0063 1.4574 0.00

0.9824 0.0113 1.4586 0.00

0.9772 0.0164 1.4598 0.00
Feed

0.3787 0.0094

0.3762 0.0189

0.3749 0.0272

1.00
a)

0.99 -
0.10+

0.08
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b
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Figure 1 — Experimental and calculated LLE data for m-2-HEAB + DBT + n-dodecane at 25°C.
a) Rectangle diagram; b) Triangular diagram. Cloud points (m), feed points (@), tie-lines (A,
solid line), DBT saturation in n-dodecane (4), NRTL correlation (o, dotted line).
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Figure 2 — Distribution of DBT between IL and n-dodecane rich phase: m-2-HEAB (m);
[emim][EtSO4] (#), [emim][DEtPO4] (A); lines are calculated by NRTL.
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Figure 3 — Selectivity of ionic liquids at 25°C: m-2-HEAB (m); [emim][EtSO4] (¢),
[emim][DEtPO,4] (A); lines are calculated by NRTL.

The quality of the LLE data is verified with two factors: a) Tie lines agree very well with
the cloud points and are very closer to the feed points, indicating low experimental error by loss
of mass or analysis; b) the LLE data were tested with Hand (Hand, 1930) and Othmer-Tobias
(Othmer & Tobias, 1942) correlations in molar fractions, Equations 5 and 6, respectively.

ap

il
Iog(iﬁ;) =ky, Iug(i':-;) +consty, (5)
Hi }‘3
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aF
Loy

_inF
Img(j—n}) =kqr Iug(—,F) +constoy (6)
Hi 33
In Egs. 4 and 5, ky and kor are the angular coefficients of Hand and Othmer-Tobias
correlations respectively; consty and constor are the linear coefficients for the same correlations.
R2 > (0.99 was obtained for both correlations, as shown in Figures 4 and 5.
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Figure 4 — Hand (a) and Othmer-Tobias (b) correlations for LLE data determined.

3.3. Removal of DBT: the analysis for DBT extraction use the Equations 7-9 and the liquid-liquid
equilibrium data present in Table 3.

% Removal= % (7
Co= ("‘::"i)feed ®)
= (2) 0

slkane phase
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where, Cy and Cy are the mass fractions of DBT in n-dodecane before and after reach equilibrium,

respectively. The results for an ionic liquid / n-dodecane mass ratio = 0.6 is shown in Table 4 and
Figure 5.

Table 4 — Percent of DBT removal from model oil.

Co % Removal
0.0164 15.67
0.0326 18.19
0.0469 18.87
~ 304
S *o
E

0

Figure 5 — Percent of DBT removal from model oil at 25°C: m-2-HEAB (m); [emim][EtSO4] (#),
[emim][DEtPO4] (A).

For systems with m-2-HEAB, the percent of DBT extraction were below 20%; otherwise,
24-30% was reached with [emim][EtSOy4] and 34-40% for [emim][DEtPOy].

3.4. Thermodynamic modeling: The non-random two-liquid model (NRTL) (Renon & Prausnitz,

1968), based on the local composition concept, was used for correlate the experimental data. The
NRTL equations are given Equations 10-12:

Z‘Eijjin ijii ’V ;Xk’lfijki

o = JZ:GkiXk +ZJ:Zij‘Xk\‘TU - ZijXk (10)
, Z?fTij SA o (1) (1)
Gij = exp(— aijtij) (aij = aji) (12)

where, v, is the activity coefficient; T, NRTL parameter; x, mole fraction; G, NRTL term; Ag,
Gibbs excess energy; R, gases constant; T, temperature in K; Aij, binary parameter; Bij,
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temperature dependent binary parameter; aij, non randomicity parameter; and the subscripts 1, j, k
refer to component.

New energy interaction parameters were estimated by using the Fortran code TML-LLE 2.0
(Stragevich, 1997); the procedure is based on the Modified Simplex Method (Nelder & Mead,
1965) and consists in the minimization of a concentration-based objective function, F (Sgrensen
et al., 1979):

SRR { Lexp Lcalc 2 ILexp 11, calc 2 }
F=222 (Xijk ~ X ) +(Xijk ~ Xi ) (13)
kK j i

i

Here, D is the number of temperature sets, N and M are the number of components and tie lines in
each data set and superscripts I and /I refer to the two liquid phases, while superscripts exp and
calc refer to the experimental and calculated concentration. Calculated compositions can be
compared with the experimental ones through root mean square deviations, also shown in Table
6, given by:

1 J

M N
8x = 100\/ DD —x (e - ) (14)

2MN

The estimated NTRL parameters are shown in Table 5, and the calculated tie lines are in
Figure 1. The calculated distribution and selectivities are in Figures 2 and 3. In Figure 3, the
NRTL model gave good aproximations for selectivities lower than 150. Above this value, i. e.,
for dessulfurization of diluted solutions of DBT in n-dodecane, NRTL does not give a good
representation of experimental selectivity.

Table 5 — Estimated NRTL parameters and deviations for m-HEAB (1) + DBT (2) + n-dodecane
(3) system at 25°C.

] ] A,’,’ A,’,’ Qij

1 2 -1691.8 -227.9 0.28
1 3 1240.1 3598.3 0.20
2 3 1235.7 -2741.3 0.20

4. CONCLUSIONS

Phase diagrams showing LLE experimental data were obtained m-2-HEAB + DBT + n-
dodecane systems at 25 °C, and =95 kPa. From these data, and from values of distribution,
selectivity and removal percent, it is observed that m-2-HEAB is not as good solvent than
[emim][EtSO4] or [emim][DEtPOy4], which is the better solvent for extraction of DBT from n-
dodecane tested in our laboratories. m-2-HEAB extracts below 20% of DBT initially inserted in
n-dodecane; the other ionic liquids show results greater than 30%. The m-2-HEAB, as like the
other two ionic liquids, did not dissolve in n-dodecane, but n-dodecane is present as small
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amounts in ionic liquid rich phase. The LLE data were correlated with the NRTL model, with
estimation of new energy interaction parameters. The deviations between experimental and
calculated compositions was always below 0.02%.
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Artigo 4.15: Use of ionic liquid 2-hydroxy ethylammonium formate as entrainer for
anhydrous ethanol production
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RESUMO - O equilibrio liquido vapor (ELV) para o sistema etanol + dgua contendo o
liquido i6nico (LI) formiato de 2-hidroxi etil amdnia foi medido, a pressao atmosférica
(101,32 kPa), em um ebulidometro tipo Othmer com recirculacdo em ambas as fases. Os
resultados mostram que a adi¢ao do LI desloca o ponto azeotrépico. Todas as misturas
estudadas, desde 6% até 24% em massa de LI, mostraram o deslocamento do ponto
azeotrdpico para um ponto de menor temperatura de ebulicao do que o do sistema livre
de liquido 16nico, com mudanca na volatilidade relativa do etanol.

PALAVRAS-CHAVE: equilibrio liquido-vapor; ebulidmetro Othmer; aze6tropo etanol-agua.

ABSTRACT - Vapor-liquid equilibrium (VLE) data for ethanol + water system containing the ionic

liquid (IL) 2-hydroxy ethylammonium formate at atmospheric pressure (101.32 kPa) was measured with
an Othmer-type still with recirculation of both phases. The results showed that the addition of IL shifted
the azeotropic point. All studied mixtures, from 6 up to 24 weight% of IL, showed the shifting of the
azeotropic point to a lower boiling temperature than the IL-free system, which change in the relative

volatility of ethanol.

KEYWORDS: vapor liquid equilibrium; Othmer still, ethanol-water azeotrope.
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1. INTRODUCTION.

Brazil is world-widely known by the
pioneering work of the insertion of ethanol in its
energetic matrix. The three most important routes
for the ethanol production are direct ethylene
hydration, indirect ethylene hydration and
fermentation. Currently, the Brazilian ethanol
industry produces both hydrated and anhydrous
ethanol. Anhydrous ethanol is used as oxidant
agent for the gasoline and, more recently, as
reactant at transesterification process by basic
catalysis for biodiesel production. The blending
ratio of anhydrous ethanol with gasoline (20-25%)

completely substituted older toxic oxidant
additives, such as lead, MTBE or benzene.
The growing demand for anhydrous

ethanol and the preservation of the environment
need a safe, inexpensive and green process. There
are some industrial techniques used for the
separation of ethanol/water azeotropic mixture,
such as crystallization, liquid-liquid extraction,
adsorption and azeotropic or extractive distillation,
where the latter is the most largely used in the
production of anhydrous ethanol (Huang et al.,
2008).

Usually, for the anhydrous ethanol
production by extractive distillation, the liquid
agent for the separation (the entrainer) is the
benzene. This operation is energetically favorable,
but it has poor health conditions and operating
unstable control. Other liquid agents in the
extractive distillation, such as furfural, pentane,
diethyl ether, ethylene glycol and toluene, have
been restricted by environmental legislation
(Ligero and Ravagnani, 2003).

Another variant of extractive distillation is
the use of a saline entrainer (a non volatile salt),
such as calcium chloride and potassium acetate,
which is introduced into the upper distillation plate,
step down through the plates and removed with the
bottom products.

Recently, the crescent research appointed
to evaluation and application of ionic liquids as
separation agents. lonic liquids (ILs) are organic
salts which are liquid at room temperature, with
melting points below 373 K (Marsh et al., 2004).

These substances present a wide range of
applications, as in catalytic reactions, separation of
gases and liquids, electrolytic cells, heat transfer
fluids and lubricants. Ionic liquids have emerged as
possible "green" solvents because they are not
volatile and, therefore, do not have pollutant gas
emissions.

A IL might be used as a suitable entrainer
in the extractive distillation process, and might be
superior to the commonly used entrainer due to its
non-volatility. Furthermore, thermodynamic data
for IL-containing systems are essential for a better
understanding of thermodynamic behaviors for
separation design purpose and for the development
of thermodynamic models. Bicak (2005)
synthesized 2-hydroxy ethylammonium formate (2-
HEAF) by the reaction of monoethanolamine with
formic acid. Then, Iglesias et al. (2008) synthesized
a family of ILs by modified aliphatic chain
reagents. Since these ILs have a lower cost, it could
be feasible to use them as entrainers in anhydrous
ethanol production. In this work, isobaric VLE data
for ethanol-water systems containing the IL 2-
HEAF were determined at atmospheric pressure
(101.32 kPa), and the effect of 2-HEAF on the
VLE of the ethanol + water system is discussed.
The structure of 2-HEAF is:

(0]
| +H3N\/\
O OH

Figure 1. Structure of 2-HEAF.

2. EXPERIMENTAL.
2.1 Materials

The chemical reagents used were ethanol,
redistilled water and 2-HEAF. HPLC grade ethanol
with purity of 99.8% was purchased from Sigma-
Aldrich Company. The purity of reagents was
checked by a gas chromatography (Varian Star
3400 CX, USA). 2-HEAF was kindly supplied by
Prof. M. Iglesias (Universitat Rovira i Virgili,
Spain), as part of a cooperative research on ILs.
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2.2 Procedure

The VLE data were measured by using a
modified Othmer-type vapor-liquid equilibrium
still with recirculation in both phases (Océn and
Espantoso, 1958, Resa et al., 2004). Figure 2 shows
the modified Othmer still.

Figure 2. Modified Othmer still.

A Yokogawa model 7563 thermometer and
Pt100 platinum sensor was used to measure the
temperature cell, with an uncertainty of + 0.07 K.
The thermometer and sensor were standardized by
the Laboratory of Metrology of the Federal
University of Bahia, certified by National Institute

for Metrology, Normalization and Industrial
Quality  (INMETRO). For the pressure
measurement, a differential U-tube glycerol

manometer was used, with an uncertainty of +0.01
kPa. Nitrogen was injected into the still to maintain
a constant pressure of 101.32 kPa, in agreement
with the laboratory local pressure. The local
pressure was calculated by altitude difference with
the meteorological station located at Salvador
International Airport. The altitude with respect to
mean sea level was measured with an uncertainty

of 1.0 mm by the geo-reference method. The total
volume of the still was about 720 cm’, of which
about 360 cm’ were occupied by the liquid
solution. The still was heated through a resistance
coil controlled by a Variac voltage transformer.
During the operation, a liquid solution was put into
the boiling chamber and heated. The mixture of
vapor and liquid in the boiling chamber was carried
upward to the equilibrium chamber, where the
vapor and liquid phases were separated after
flowing directly along the thermometer stem. The
vapor was condensed in the condenser and went to
the mixing chamber. The equilibrium was usually
reached in about 30-60 minutes, as indicated by the
constant boiling temperature. The system was
maintained in equilibrium for about 1 h, and then
samples of the vapor and liquid were taken out.

2.3 Samples analysis

The compositions of the vapor and liquid
phases were determined by densimetry analysis.
The density of both phases was measured at 298.15
K and the results were compared with those from
mixtures of known composition, through an inverse
interpolation. The densities of the pure liquids and
mixtures were measured using an Anton Paar
DSA-5000 digital vibrating tube densimeter. The
uncertainty is +2.10° g.cm® for the density
measurement, and +0.01 m.s”' for the speed of
sound measurements. In Table 1, the experimental
density and speed of sound of the pure components
are compared with literature data. The accuracy of
the measured vapor and liquid phase compositions
is estimated to be £0.001 in mole fraction. The IL
content in liquid phase is determined through a
mass balance by measuring the mass difference of
vapor sample.

Table 1. Experimental and literature data for pure
components at 298.15 K.

density \ speed of sound
Reagents (g.cm’3) (m.s'l)
exp lit exp lit
ethanol ~ 0.78533 0.7854" 1147.86 1142°
water 0.99705 0.9971° 149691 1498¢
2-HEAF  1.16597 1.1771° 1730.7 1719.6°

*Nikam et al. (1995), "Orge et al. (1997), “Kapadi et al.
(2000), dGeorge et al. (2003), “Iglesias et al. (2008).
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3. RELIABILITY ASSESSMENT.

In order to check the reliability of the
experimental set-up, isobaric VLE data for the
ethanol-water system at atmospheric pressure
(101.32 kPa) were measured and compared with
data from Kojima et al. (1968). It can be seen from
Figure 3 that the measured data were in good
agreement with those from Kojima et al. (1968).
Hence the set-up can be used to investigate the
effect of IL on the VLE of the ethanol-water
system at atmospheric pressure. The experimental
isobaric VLE data for the ethanol-water binary
system at atmospheric pressure (101.32 kPa) were
listed in Table 2.

Table 2. Experimental isobaric VLE data for the
ethanol (1) + water (2) binary system.

T (K) X Yi
360.68 0.0714 0.3762
359.60 0.0849 0.4145
357.55 0.1164 0.4865
355.51 0.1771 0.5238
354.37 0.2250 0.5686
353.85 0.2915 0.5955
352.18 0.8683 0.8714
352.85 0.4864 0.6628
354.84 0.2672 0.5830
351.44 0.9891 0.9873
1.0
°
o°
0.8 Lot 'Y
R
0.6 ose ® i d
_ °0®
> ‘O
B o
0.4 O
® Kojima et al., 1968
0.2
O Exp
0.0 \ \ \ ‘
0.0 0.2 0.4 0.6 0.8 1.0

X1

Figure 3: Isobaric VLE diagram for ethanol (1) +
water (2) at atmospheric pressure (101.32 kPa).

4. VLE FOR THE IL-CONTAINING
TERNARY SYSTEM.

Table 3. VLE data for ethanol(1) + water(2) + 2-
HEAF(3) at different IL. weight %.

IL
wt %

T (K)

X1

X2

Y1 Y2 O

6.291
6.291
6.290
6.291
6.285
6.272
6.270
6.271

351.42
351.35
351.58
352.04
352.57
353.08
353.32
353.95

0.9653
0.8266
0.7016
0.5989
0.5100
0.4337
0.3754
0.3244

0.0049
0.1459
0.2733
0.3779
0.4684
0.5463
0.6057
0.6577

0.9812
0.8352
0.7711
0.7160
0.6698
0.6405
0.6276
0.5890

0.0188
0.1648
0.2289
0.2840
0.3302
0.3595
0.3724
0.4110

0.27
0.89
1.31
1.59
1.86
2.24
2.72
291

10.040
10.038
10.036
10.040
10.670
10.579
10.572
10.573

351.31
351.23
351.18
351.16
351.35
351.53
351.80
352.31

0.9416
0.8705
0.8571
0.8520
0.8434
0.7029
0.5416
0.4720

0.0063
0.0798
0.0935
0.0989
0.1110
0.2536
0.4221
0.4937

0.0361
0.1132
0.1222
0.1182
0.1385
0.2281
0.2745
0.3208

0.18
0.72
0.78
0.87
0.82
1.22
2.06
2.21

0.9639
0.8868
0.8778
0.8818
0.8615
0.7719
0.7255
0.6792

24.138
24.129
24.133
24.125
24.111

350.73
350.82
350.98
351.38
351.55

0.8710
0.8702
0.7331
0.6190
0.5243

0.0000
0.0010
0.1497
0.2737
0.3773

0.9639
0.9011
0.8199
0.7735
0.7244

0.0361
0.0989
0.1801
0.2265
0.2756

0.00
0.01
0.93
1.51
1.89

359 1 *

356
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353 1

350
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Figure 4: T-x-y diagram for ethanol (1) + water (2)
+ 2-HEAF (3) at 101.32 kPa.

The isobaric VLE data for the ethanol-water
system containing 2-HEAF at different IL contents
(from about 6 to 24 wt.%) were measured and
listed in Table 3; these data are also plotted as Txy
diagrams in Figure 4 and as xy diagrams in Figure
5. It should be noted that the mole fraction of liquid
component shown in the tables and figures is on an
IL-free basis.

1.0 &
o’ A
aa s
08 | s
DA+ 7
0o -
06 Lo O @ o
= L * ///
0.4
- 7 * IL Free
02 1 7 ¢ IL about 6 wt%
' 7 O IL about 10 wt%
a IL about 24 wt%
0.0 \ ‘
0.0 0.2 0.4 0.6 0.8 1.0
x1 (IL free)

Figure 5. Isobaric VLE diagram for the ethanol (1)
+ water (2) + 2HEAF (3) system at atmospheric
pressure (101.32 kPa).

In addition, the relative volatility of ethanol
was also calculated as:

ya/X,

where x; and X, are mole fraction of ethanol and
water, respectively, on IL-free basis. The relative
volatilities are also listed in Table 3.

As can be seen from Figure 4, the addition of
2-HEAF modified the relative volatility of ethanol,
causing a shifting of the azeotropic point.

Figure 5 and Table 3 indicate the effect of the
addition of 2-HEAF on the VLE of the ethanol-
water system. In the ethanol rich region, the
relative volatility of ethanol decreases with the IL
content, while an opposite trend is obtained in the
water rich region. The IL effect on the VLE of
ethanol-water system can be ascribed to the

affinity difference between its ions and water-
ethanol  molecules. Specifically, the ions
dissociated from IL have a stronger attraction to
ethanol than to water due to the polar similarity. In
the water-rich region, water molecules are
preferentially bonded by ions; however, with the
increasing of IL content, from 6 to 24 wt%, the
ethanol molecules are also bonded. As the number
of ethanol molecules is relatively small, the relative
volatility of ethanol is accordingly decreased.

S. THERMODYNAMIC MODEL.

The Peng-Robinson (1976) EoS with the
Wong-Sandler (1992) mixing rule, coupled with
the NRTL model (Renon and Prausnitz, 1968) for
the excess Gibbs free energy, is used as the
standard thermodynamic model in a bubble point
calculation:

P:\lj-Tb_V(V+b)ib(V-b) o
a =a,0(T) 3)
a. = 0.457235(RT, /P, )* (4)
b =0.077796(RT, /P, ) (5)
oUT) = [1 +EI-TS )]2 6)

F=0.37464+1.54226m—0.269920*  (7)

where T, is the reduced temperature, T. is the
critical temperature, P, is the critical pressure, R is
the gas constant, and ® is the acentric factor. For
mixtures:

p RT an,
V-b, V(V+b,)+b,(V-b,)

8)

The mixture constants a, and b, are
expressed by the Wong-Sandler mixing rules:
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" 1_iniai_A7£

“bRT QRT

x.a. AE
a, =b, | 3% Do (10)
\ [ s Q}
(b—iJ :(bi+bj)_(1—kij) a5

RT), 2 RT

where Q = 1n(\/§—1)/\/5 for PR EoS, x is the

molar fraction, AE is the excess Helmholtz energy

at infinite pressure and kj is a binary interaction
parameter. The excess Helmholtz energy at infinite
pressure can be approximated by the excess Gibbs
energy at zero pressure (Mollerup, 1986), and the
latter can be expressed by the NRTL model (Renon
and Prausnitz, 1968) as:

N
gt o~ 200
ﬁ = in h’IJN— (12)
! 2. Gix
k
Tl_] = Ul] /(RT) (13)
Gijj = exp(—04T;j) (14)

ij ji

where Uy and Uj represent the interaction energy
difference between i-j and j-j pair molecules and
between j-i and i-i pair molecules, respectively; R
is the universal constant of gases; T is the
temperature; and o is the non-randomness
parameter.

Table 4 presents some properties of the
components used in this work. 2-HEAF data was
calculated by the Alvarez and Valderrama (2004)
method.

Table 4. Critical properties.

Compound MM P.(MPa) T.(K) Z. 0

water 18.01 22.1 647.10.2290.344
ethanol 46.07 6.1 513.90.2400.644
2-HEAF 107.11 54.0 683.20.271 0.898

Table 5 shows the interaction independent-
concentration parameters calculated from VLE
data. The interaction parameters for ethanol-water
were obtained from the ethanol + water binary
system (Table 2). The other interactions were
calculated from the ethanol + water + IL ternary
system (Table 3). The calculated VLE for IL free
system is shown in Figure 6.

Table 5. Estimated NRTL parameters.

i j k; 0 Uj Ui
(Jmol") (I mol)
ethanol  water 0.4858 0.20 2292.84 -1076.5
ethanol 2-HEAF 04125 039 1.64.10° -5190.3
water 2-HEAF 0.6416 039 1.57.10° -7819.4
1.0 1
— .
08 1 =t
S @ "o /./ -
0.6 ., e 0 * 7
= . e - ¢ ILFree
0.4 Pie o IL about 6 wt%
. 7 o IL about 10 wt%
- a  IL about 24 wt%
02 7 Cal 6 wt%
: - - —+— —Cal 10 wt%
- — — Cal 24 wt%
0.0 +- ‘ ‘ ‘ ‘
0.0 0.2 04 0.6 0.8 1.0
x; (IL free)

Figure 6. Experimental and calculated VLE for the
ethanol (1) + water (2) + 2-HEAF (3) system.

The goodness of the fit was evaluated with the
relative deviations in the temperature and ethanol
concentration in the vapor phase for data point “i”
defined as:

— cal _ _ exp exp
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Table 6 shows these relative deviations for
temperature and ethanol concentration in vapor
phase, as well as the predicted values of ionic
liquid concentration in vapor phase (y;*), for
different IL concentrations. The global temperature
mean relative deviation is 0.05% and the global
ethanol concentration mean relative deviation is
5.3%; the global predicted mole fraction of ionic
liquid in vapor phase was 0.0002. Then, the
thermodynamic model was able to predict the low
ionic liquid concentrations in the vapor phase;
however, the ethanol concentration in vapor phase
was not so successfully predicted.

Table 6. Mean relative deviations for temperature
and ethanol concentration and the calculated ionic
liquid concentration in vapor phase

WItL% BAT %Ay, gt
6.3 0.07 3.7 0.0001
10.3 0.07 4.8 0.0002
24.1 0.03 7.3 0.0002
global  0.05 5.3 0.0002
6. CONCLUSIONS.

Isobaric VLE data for the ethanol-water
systems containing the ionic liquid 2-HEAF were
measured at atmospheric pressure (101.32 kPa).
The results indicated that 2-HEAF did not show a
salting-out effect; however, a new azeotropic
phenomenon was observed: the azeotropic point
was shifted towards a lower ethanol concentration.
The experimental data were correlated with the
Peng-Robinson equation of state, coupled with the
Wong-Sandler/NRTL mixing rule. The model was
able to correlate the temperature with a low
deviation, as well as to predict the ionic liquid
concentration in the vapor phase; however, the
results for the ethanol concentration in vapor phase
were not fully satisfactory.
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Abstract

In this work, the use of the ionic liquid 1-methyl-3-methylimidazolium dimethylphosphate or
ethylene glycol as an separation agent was evaluated in a two-column or three-column
configuration extractive distillation for the production of anhydrous ethanol (99.8% weight,
99.5% mol) from diluted solutions (11% weight). The extractive distillation process was
simulated and optimized with the HYSYS® software. The vapor liquid equilibrium for the
system was calculated by the NRTL thermodynamic model, whose interactions parameters were
previously published. Experimental design was used in combination with modeling and
simulation to determine the operational conditions that minimize reboiler duty. Simulation results
showed that both separating agents present similar reboiler duty to produce high-purity ethanol.

Keywords: anhydrous ethanol, ionic liquids, extractive distillation, simulation.

1. Introduction

The growing demand for anhydrous ethanol and the preservation of the environment need a safe,
inexpensive and green process. Many industrial techniques have been proposed to separate of
ethanol/water azeotropic mixture, such as crystallization, liquid-liquid extraction, adsorption and
azeotropic or extractive distillation (Huang et al. 2008). We have focused our attention on the
extractive distillation. Extractive distillation is a partial vaporization process, in the presence of a
non-volatile and high boiling point compound, usually called solvent or separating agent, which
is added to prevent the azeotrope formation (Perry et al., 1992). In most commercial extractive
distillation process, there are three-column or two-column configurations to obtain pure ethanol
from a dilute aqueous ethanol solution. The separating agent is fed in the upper part of the
extractive column, above the feed stream (Pinto et al., 2000; Ligero and Ravagnani, 2003). In the
three-column configuration, the concentrator and stripper are in different columns. In the two-
column configuration, both columns could be joined together and the last column is used to
recuperate the separation agent, recycling it to the extractive column. Usually, the separating
agent is the benzene, but this compound is toxic and shows operating unstable control. Another
solvent, as reported by Meirelles et al. (1992), is the ethylene glycol (EG). On other hand, ionic
liquids have emerged as possible "green" solvents because they are not volatile and, therefore, do
not have pollutant gas emissions. lonic liquids are organic salts which are liquid at room
temperature, with melting points below 373 K (Marsh et al., 2004). Zhao et al. (2006) reported
vapor pressure data for the ionic liquids 1-methyl-3-methylimidazolium dimethylphosphate
([mmim][DMP]) in systems containing ethanol/water at several temperatures and compositions.
The main objective of this work is to model and optimize the two-column and three-column
configurations using EG or [mmim][DMP] in order to produce 99.8% weight ethanol from an
11% weight ethanol solution. The results are compared in terms of heat duties and impurities
contained in the ethanol product stream.
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2. Methodology

The flowsheet of the extractive distillation process for modeling and optimization can be seen in
Figure 1. This figures show the recycle point for the simulation (RCY-1).
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Figure 1. (a) Two-column configuration. (b) Three-column configuration.

2.1. Thermodynamic Model

The ionic liquid was created as a hypothetical component in the HYSYS® software using the
liquid density from NIST (2008), pseudo critical properties calculated with the method of
Valderrama and Robles (2007) and other properties estimated within HYSYS®. The activity
coefficient was described using the NRTL (Renon and Prausnitz, 1968) thermodynamic model.
The binary interaction parameters were taken from Zhao et al. (2006) for [mmim][DMP] systems,
and from Meirelles et al. (1992) for EG systems. Table 1 displays these NRTL binary interaction
parameters. Activity coefficient calculations for the mixture were validated with experimental
data reported in previous works (Zhao et al., 2006; Meirelles et al., 1992) using HYSYS®
simulator.
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Table 1: NRTL binary interaction parameters.

48120 Ag12: 48210 Ag21
Compound (1) +(2) M2 (Hmol)  (JmolK)  (J/mol)  (J/molK)
water + [mmim][DMP] 04116 5065.44 - -9565.9 -
ethanol + [mmim][DMP] 0.5927 13172.16 - -6426.83 -
water + EG 0.1859 1383.43 8.0409 -1445.97 -9.1506
ethanol + EG 0.3704 13527.42 -92.7391 -4351.97 53.3769
ethanol + water 0.3008 5612.08 - -510.81 -

Ag12 = Ag120 + TAg 2

2.2. Experimental design

In distillation process with new chemical components, the first step is to know the main
operational variables. The second step is selecting the correct interval of work of these main
operational variables and, finally their optimization. The software Statistica (Statsoft, v. 7.0) was
used to analyze the results for all experimental design.

2.2.1. Finding the main operational variables

Experiments are very time-consuming when many factors have to be considered. In contrast,
Plackett—-Burman designs (Plackett and Burman, 1946) are very useful for picking up the most
important factors from a long list of factors (operational variables) with the less number of
experimental trials. In order to perform these steps, the EG separating agent was arbitrarily
selected. There were considered as the most important variables those listed in Table 2. Then, the
influences of these variables on separation agent loss (X) and energy consumption (Y) was
investigated.

2.2.2. Selecting the correct interval of operational variables

In order to select the interval of operational variables, a sensibility analysis was performed, where
the column theoretical stage, the separation agent molar flow, and the separation agent feed stage
were analyzed. Also, several variables are maintained constants, such as the fermentation broth
temperature feed (298 K), the operational pressure of concentrator and extractive column (101.3
kPa), the ethanol molar fraction in the concentrator or extractive column bottom (10'6), the
ethanol molar fraction in distillate extractive column (0.995), the water molar fraction in the
recovery column bottom (10°), and the separation agent molar fraction in the distillate recovery
column (10®). Then, the analyzed variables were varied up to obtain constant values of reboiler
duty or ethanol molar fraction. The optimal stage for the stream feeds are into the coalescence
between the rectification and stripping sections of the distillation column (Walas, 1990). Then,
the feed stage was selected as the lowest reboiler duty was obtained for a column.

2.2.3. Optimization of the operational variables:

This step found the operational variables optimal value for the lowest energy consumption (Y).
The operational variables selected by Plackett—Burman analysis with limits chosen by the
sensibility analysis and the other factor used as constants are the input variables in this
optimization. The optimization can be done by using either complex or gradient methods to solve
the mathematical model or by direct variation of variables by the Taguchi method (Taguchi et al.,
1990). In this work, the Taguchi method was used because give a fast and reliable solution. Once
the interval values of relevant variables were selected, experiments were designed by the Taguchi
method with energy consumption as response. The Lo orthogonal array was selected in the
Taguchi method to analyze the variables at different levels.
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3. Results

Since the value range of the variables is unknown, a sensibility analysis was performed to
estimate it. Thereby, (1) the reboiler duty is maintained constant over 40, 30 and 12 theoretical
stages for the concentrator, extractive and recovery columns, respectively, (2) the separation
agent molar flow should be over 3 kmol/h to obtain 0.998% w ethanol, (3) lower separation agent
molar flow results in a lower reboiler duty, (4) in order to prevent contamination of the distillate,
the separation agent feed stage should be 2 and 5 for [mmim][DMP] and EG, respectively, (5) the
separating agent temperature feed can be equal to the boiling point of ethanol. In order to know
the main operational variables in the process, each operational variable was tested at two levels,
as shown in Table 2. The interval values used are in agreement with the previously sensibility
analysis.
Table 2. Variables process using ethylene glycol.

N Variable name -1 +1
Two-column configuration
1 Molar flow of separation agent (kmol/h) 3.00 9.00
2 Number of theoretical stages in extractive column 35.00 55.00
3 Separation agent feed stage 2.00 5.00
4  Pressure in recovery column (kPa) 20.26 101.3
5 Number of theoretical stages 1n recovery column 15.00 30.00
6  Separation agent temperature (K) 341.44 361.44
Three-column configuration
1 Molar flow of separation agent (kmol/h) 3.00 9.00
2 Number of theoretical stages in concentrator column 25.00 50.00
3 Ethanol molar fraction in distillate of concentrator column 0.50 0.90
4 Number of theoretical stages in extractive column 25.00 45.00
5  Separation agent feed stage 2.00 5.00
6  Pressure in recovery column (kPa) 20.26 101.3
7  Number of theoretical stages 1n recovery column 15.00 30.00
8  Separation agent temperature (K) 341.44 361.44

The Plackett—-Burman results are shown as Pareto charts of effects on separation agent lost in
distillated (X) and energy consumption (Y) at 95% confidence level. The variables near to the
statistical p—value equal 0.05 are significant. The results for the two-column configuration are
shown in Figure 2. The energy consumption was mainly affected by the separation agent molar
flow (N1), the separation agent feed stage (N3), and the pressure in recovery column (N4), while
for solvent loss, the separation agent molar flow (N1), and the separation agent feed stage (N5)
are the significant variables.
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Figure 2. Pareto chart of variables effects at 95% of confidence level for two-column
configuration. a) energy consumption, b) agent separation loss.
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The results for the three-column configuration are shown in Figure 3. The energy consumption
was mainly affected by the separation agent molar flow (N1), the number of theoretical stages in
concentrator column (N2), the ethanol molar fraction in distillate concentrator column (N3), the
separation agent feed stage (N5), and the separation agent temperature (N8), while for solvent
loss, the separation agent molar flow (N1), the number of theoretical stages in concentrator
column (N2) and the separation agent feed stage (N5) are the significant variables.
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Figure 3. Pareto chart of variables effects at 95% of confidence level for three-column
configuration. a) energy consumption, b) agent separation loss.
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According the results, the two-column configuration does not need variable optimization, because
all variables can be fixed using values from sensibility analysis. The pressure in recovery column
and the separation agent molar flow should be the lowest in order to obtain the lowest reboiler
duty, 20.26 kPa and 3 kmol/h, respectively. The optimal values for the two-column configuration
are displayed in Table 3.

Table 3. Optimum conditions and performance for the two-column configuration.

Separation Energy consumption | Separation agent
agent NI N2 N3~ N4 N5 N6 (kJ/kg ethanol) loss (kmol/h)
[mmim][DMP]| 3 40 2 20.26 12 351.44 25819.5 910"
EG 3 40 5 20.26 18 351.44 25515.5 110*

The Taguchi method was applied for the three-column configuration variables with significant
effect. The factors not marked as statistically important by the Plackett—-Burman analysis were
fixed as constant (N4=35, N5=5, N6=20.26, N7=18 for EG and N4=35, N5=2, N6=20.26, N7=12
for [mmim][DMP]). Table 4 shows the factors and levels, while the optimal values for
operational variables are displayed in Table 5.

Table 4. Factors and their levels for the three-columns configuration.

Level N1 N2 N3 N8
1 3 25 0.7 341.44
2 6 40 0.8 351.44
3 9 55 0.9 361.44
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Table 5. Optimal conditions and performance for the three-column configuration

Separation Energy consumption | Separation agent

agent NI N2 N3~ N8 (kJ/kg ethanol) loss (kmol/h)
[mmim][DMP]| 3 55 0.8 361.44 6987.2 110°
EG 3 55 0.8 361.44 6909.0 3107

Table 5 shows simulation results with variables by Taguchi method that, for an efficient use of
the energy, the concentrator column should produce an ethanol molar fraction equal to 0.8, a
variable not well studied in dehydration ethanol works. The ionic liquid is the separating agent
with less contamination of the distillated ethanol.

4. Conclusions

The energy consumption of dehydration of aqueous ethanol by an extractive distillation method
was compared for two different configurations and two different separating agents. The
calculated results showed that ethylene glycol is more contaminant than [mmim]|[DMP], but the
energy consumption is similar. On the other hand, the three-column configuration process has
lower energy consumption than the two-column configuration process.
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Abstract

In this work, the use of the ionic liquid 1-methyl-3-methylimidazolium dimethylphosphate as an separation
agent in an extractive distillation column for the production of anhydrous ethanol was evaluated, with a
concentration over 99.7% weight. The extractive column distillation was simulated and optimized with the
HYSYS® software platform. The vapor liquid equilibrium for the system was calculated by the UNIQUAC
thermodynamic models, whose interactions parameters were previously published. Response surface analysis
was used in combination with modelling and simulation to determine the operational conditions that minimize
reboiler duty. Simulation results showed that it is possible to produce high-purity ethanol from diluted ethanol-
water mixtures. Also, the distillation column specified for this separation can operate with a smaller number of
plates and a smaller reflux ratio than a typical saline extractive distillation process. Finally, a comparative
study using ionic liquid extractive distillation process and the saline extractive distillation was carried out.

Keywords: anhydrous ethanol distillation, ionic liquids, extractive distillation, simulation

Resumen

En este trabajo se usa liquido iénico dimetilfosfato de 1-metil-3-metilimidazolio como agente de separacion
en uma columna de destilacion extractiva para producir etanol deshidratado con uma concentracién mayor a
99.7% en masa. La columna de destilacion extractiva fué simulada y optimizada con el paquete HYSYS®. E/
equilibrio liquido vapor para este sistema fue calculado con el modelo UNIQUAC, cuyos parametros ya estan
publicados. El andlisis de superficie de respuesta junto con el modelado y simulaciéon fué utilizado para
determinar las condiciones de operacién que minimizen el consumo de la caldera. Los resultados de La
simulacién muestran la factibilidad de producir etanol de alta pureza desde mezclas diluidas de etanol en
agua. Tambien, el nuevo disefio de la columna de destilacion puede operar con un numero menor de platos y
una menor razén de reflujo comparada con la tipica columna de destilacion salina. Finalmente, se realizo um
estudio comparativo de la destilacion extractiva utilizando el liquidos iénico y sal.
Palabras clave: destilacion de etanol deshidratado, liquidos iénicos, destilacion extractiva, simulacion

1. INTRODUCTION
The growing demand for anhydrous ethanol after step down between the J)Iates and
and the preservation of the environment need removed with the bottom products®®.
a safe, inexpensive and green process. There
are some industrial techniques used for the
separation of ethanol/water azeotropic
mixture, such as crystallization, liquid-liquid
extraction, adsorption and azeotropic or
extractive distillation" 2,

Among these methods to obtain a pure
ethanol, we have focused our attention on the
extractive distillation process, because Pinto
and co-workers™ related that saline distillation
is the best option for anhydrous ethanol
production, where the process required lesser

Usually, for the anhydrous ethanol energy consumption.
production by extractive distillation, the liquid
agent for the separation is the benzene. This
operation is energetically favorable, but it has
poor health conditions and operating unstable
control. Other liquid agents in the extractive
distillation, such as furfural, pentane, diethyl
ether, ethylene glycol and toluene, have been
estricted by environmental legislation. Another
variant of extractive distillation is the use of
saline agents, where a non volatile salt is
introduced into the upper distillation plate,

In most commercial extractive distillation
process, there are three-column configuration
and two-column configuration® ®. In the three-
column configuration, the concentrator and
stripper are in different columns. Therefore,
this configuration can be modified into a one
column configuration by combining the
concentrator and the stripper obtaining a two
column configuration. The last column is used
to recuperate the separation agent to use
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again in the extractive column. Then, the
extractive column in the process determined
the successful of the separation.

For other hand, lonic liquids have emerged
as possible "green" solvents because they are
not volatile and, therefore, do not have
pollutant gas emissions. lonic liquids are
organic salts which are liquid at room
temperature with melting points below 373 K

. These substances present a wide range
of appllcatlons as in catalytic reactions,
separation of gases and liquids, electrolytic
cells, heat transfer fluids and lubricants.

The work of Zhao™ reported vapor pressure
data for nine binary systems containing
ethanol/water plus ionic liquid at several
temperatures and compositions, where the
ionic liquids 1-methyl-3-methylimidazolium
dimethylphosphate ([mmim][DMP]), 1-ethyl-3-
methylimidazolium diethylphosphate ([emim]
[DEP]), and 1-buthyl-3-methylimidazolium
dibuthylphosphate ([bmim] [DMP]) were used.
The authors claim that the equilibrium data
can be correlated using the NRTL model®,
and the binary parameters obtained can be
applied to prediction of the vapor pressure of
ethanol + water + ionic liquid with good
agreement.

Therefore, the main objective of this work is
to evaluate the use of ([mmim][DMP]) as an
separation agent in an extractive column in
order to produce 99.7% weight anhydrous
ethanol from a solution with 24% weight
ethanol.

2. METHODOLOGY

In this work, the extractive distillation column
was simulated, with 1-methyl-3-
methylimidazolium  dimethylphosphate as
separation agent. The flowsheet of the
extractive dlstlllatlon process was based on
the work of Pinto™, and it can be seen in
Figure 1.

2.1. Property package for HYSYS

The phase equilibrium of the water-ethanol-
ionic liquid mixtures were described using
UNIQUAC®  thermodynamic model. The
binary interaction parameters of the ionic
liquid were obtained from Kato and Gmehling
(9 while the iones of ethanol-water were
from Hyprotech Internal Database. Table 1
displayed the binary interaction parameters
for UNIQUAC model of these ternary systems.
The simulations were performed with the
HYSYS® software .

FENOMENOS DE TRANSFERENCIA Nov. 2009
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Figure 1. Extractive distillation flowsheet using salt
as separation agent.

Table 1. Binary interaction parameters for

UNIQUAC model
UNIQUAC? (J/mol)

Compound (1) + (2)
Ay Ayip

-2949.4 -3130.2
-586.61 -2027.6
970.75 21291

water + [mmim][DMP]
ethanol + [mmim][DMP]

ethanol + water

“Taken from reference (10)

The ionic liquid was create as hypothetical
component in the HYSYS® software using the
liquid density from NIST"?, pseudo critical
properties calculated with the method of
Valderrama and Robles!"® and the other
properties estimated with HYSYS® software.
Table 2 presents some properties for the pure
compound of the ternary mixtures included in
this work.

Table 2. Properties for the pure compound.

c g || Te | Pc| Tc Ve
ompoundl a/em?)| (k) |(bar) (K) |(em*mol)| ©
water 0.9947 373.2 221 6471 55.95 0.344

ethanol

2.2. Simulation data

Table 3 shows the simulation results
obtained with the same parameters for the
column used for Pinto “

Vol.4 No. 1 9
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Table 3. Simulation results with the same input
data of Pinto using [mmim][DMP] as

separation agent

Parameter Units Value
Input data

Feed flow rate kmol/h 100
Temperature feed K 298.15
Salt feed flow rate kmol/h 1.5
Temperature salt feed K 298.15
Feed ethanol composition molar % 1
Feed water composition molar % 89

Specified design and operating parameters

Theoretical stage number - 30
Operating pressure atm. 1
Distillate flow rate kmol/h 1
Reflux ratio - 2.6
Feed stage number - 20
lonic liquid feed stage

number - 2

Simulation results for distillate and reboiler

Ethanol flow rate kmol/h 10.83

Water flow rate kmol/h 0.17

Ethanol weight fraction % 99.39

Water weight fraction % 0.61

Reboiler duty kJ/kg 4278.0
ethanol

number (ESN) as independent variables and
ethanol weight fraction and reboiler duty as
dependent variables. In the following
simulations the other parameters were
considered constants and equals for the
values presents by Pinto™.

Where, each operational variables were
tested at two levels, a high (+1) and a low (-1)
level, as shown in Table 4. This Table shows
the coded factor levels and the real values for
the input variables. The interval values are in
agreement with values used by Pinto®).

Table 4. Coded factor levels and real values for
factorial design

Level Central Level

where, the ethanol weight fraction and reboiler
duty are the more important simulation
results. This simulation results show that, it
was not feasible to produce ethanol with more
than 99.7 weight%. Then, the operational
variables would be optimized to carry out the
desired concentration of ethanol.

2.3. Process optimization

The extractive distillation process may be
optimized using response surface
methodology, which is a procedure that does
not require model simplifications and the
explicit formulation of an objective function.
The input variables considered for the
optimization were the ones whose influence
on the optimal operational conditions that
minimize reboiler duty, with high ethanol
concentration as constraint.

The work of Medrado™ explain that the
feed stage number, reflux ratio, theoretical
stage number, separation agent feed flow rate
and separation agent feed stage number are
determined are relevant variables for the
extractive column. A factorial design 3°
configuration was performed to determine two
quadratic models with feed stage number
(FSN), reflux ratio (RR), theoretical stage
number (TSN), separation agent feed flow
rate (EFR) and separation agent feed stage

Variables (1) point(0) (+1)
Feed stage number (FSN) 10 15 20
Reflux ratio (RR) 1.0 2 3
Theoretical stage number
(TSN) 20 25 30
Separation agent feed flow
(EFR) 1.5 3 5
Separation agent feed 1.0 3 5

stage number (ESN)

The HYSYS® software was used to simulate
the extractive distillation process. The
software Statistica (Statsoft, v. 7.0) was used
to analyze the results of the factorial
experiment. The quadratic models obtained
for %weight ethanol and reboiler duty as a
function of the more significant variables at
95% were:

Ethanol weight fraction (%w) = 100.1919 -
0.4664 FSN - 1.1003 FSN? + 1.4595 RR -
1.3491 RR? + 0.8657 TSN - 0.8808 TSN +
0.9295 EFR - 03586 ESN + 0.6540
(FSN)(RR) + 1.3072 (FSN)(TSN) + -0.4534
(RR)(TSN) - 0.4946 (RR)(EFR) (1)

Reboiler duty (kJ/kg ethanol) = 3818.126 +
21.697 FSN + 58.592 FSN° + 787.227 RR +
54.191 RR? + -44.471 TSN + 45.412 TSN? +
39.696 EFR - 29.359 (FSN)(RR) - 67.849
(FSN)(TSN) + 20.484 (FSN)(EFR) (2)

Both responses present a high correlation
coefficient and the models can be considered
statistically significant according to the F-test
with 95% of confidence. The equations (1)
and (2) were applied as a problem to minimize
the reboiler duty with the constraint of ethanol
weight fraction equal than 99.7 %. The
variable optimization for these equations were
performed using a genetic algorithm code, this
code is implemented and fully explained in the
work of Alvarez‘™®).
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3. RESULTS

The solution of equations 1 and 2 are the
coded factor levels and the real values for the
input variables are show in Table 5.

Table 5. Coded factor levels and real values for
optimal distillation process

The comparison of reboiler duties from
Tables 6 and 7 with the feed temperature of
298 K show a difference less than 5.5%. This
value shows a similar operational cost with
both processes.

The results in Table 7 show that the desired
separation was possible by a new distillation
column with a lesser number of plates and
lesser reflux molar ratio than the distillation
column used by Pinto.

Table 7. Input data, simulation results and
parameters for the column using NaCI®.

Code Variable
Variables factor

level value
Feed stage number (FSN) -0.205 14.00
Reflux ratio (RR) -0.988 1.01
Theoretical stage number
(TSN) 0.543 27.71
Separation agent feed flow
(EFR) 1.000 5.00
Separation agent feed
stage number (ESN) -1.000 1.00

Table 6. Input data, simulation results and

parameters for a new column with
[mmim][DMP]

Parameter Units Value
Input data

Feed flow rate kmol/h 100
Temperature feed K 298.15
lonic liquid feed flow rate kmol/h 5
Temperature ionic liquid K 298.15
Feed ethanol composition molar % 1
Feed water composition molar % 89

Specified design and operating parameters
Theoretical stage number

A - 27
Operating pressure atm. 1
Distillate flow rate kmol/h 11
Reflux ratio - 11
Feed stage number - 14
lonic liquid feed stage 1
number -

Simulation results for distillate and reboiler
Ethanol flow rate kmol/h 10.95
Water flow rate

kmol/h 0.05
Ethanol weight fraction % 99.75
Water weight fraction % 0.25
Reboiler duty kJ/kg 3147.7
ethanol

Parameter Units Value
Input data
Feed flow rate kmol/h 100
Salt feed flow rate kmol/h 1.5
Feed ethanol composition molar % 11
Feed water composition molar % 89

Specified design and operating parameters

Theoretical stage number - 30
Operating pressure atm. 1

Distillate flow rate kmol/h 11
Reflux ratio - 2.6
Feed stage number = 20
lonic liquid feed stage

number = 2

Simulation results for distillate and reboiler

Ethanol flow rate kmol/h 10.998

Water flow rate kmol/h 0.002

Ethanol weight fraction % 99.99

Water weight fraction % 0.01

Reboiler duty kJ/kg 2974.8
ethanol

The optimal parameters in Table 5 designed
a new the extractive column distillation using
[mMmim][DMP] as separation agent. In this
Table the feed stage number have been
rounded to the closest integer. The input data
and simulation results for the new extractive
column are presented in Table 6.

4. CONCLUSIONS

The use of the ionic liquid 1-methyl-3-
methylimidazolium dimethylphosphate as a
separation agent in an extractive distillation
process for the production of anhydrous
ethanol over 99.7% weight from diluted
mixtures of ethanol + water was studied. The
simulation results show technical and
economical advantages for the production of
anhydrous ethanol using ionic liquid, since the
distillation column for this process uses less
stages and less reflux molar ratio compared
with the classic saline extractive distillation.
The UNIQUAC models were applicable to the
correlation of the phase equilibria of ethanol +
water + ionic liquid.

FENOMENOS DE TRANSFERENCIA Nov.2009 Vol.4 No.1 1



NOMENCLATURE

[mmim][DMP]

1-methyl-3-methylimidazolium
dimethylphosphate

AQ12,4921 UNIQUAC parameters for
interaction energy between
molecules 1 and 2

2] density

To normal boiling point

P. critical pressure

Tec critical temperature

Ve critical volume

o acentric factor
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Artigo 4.18: CO; absorption into amine-based ionic liquids
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Abstract: This work determines the CO, absorption into two amine-based ionic liquids using a
semi-continuous bubble column at 288.2 K, 298.2 K and 308.2 K. Chemical reactions between
carbon dioxide and ionic liquids have been observed. The CO, absorption and desorption are
reversible in the ionic liquids, so the absorbed CO; can be reversibly released and recovered as a
carbon dioxide resource. The influence of gas flow-rate and temperature has also been analyzed.

The results show the temperature of the system as the more important limitation in this process.

Keywords: ionic liquids, carbon dioxide, absorption, NMR spectra

INTRODUCTION

One of the most serious environmental problems is the greenhouse effect, due mainly to the
presence of CO,. Then, CO,; capture is an important issue within commercial and environmental
desirable process. The most used technique for the separation of a target compound from a
mixture of gases in a gas stream is selective absorption into a liquid. Interactions between gases
and pure liquids or solutions are the basis for numerous gas separation technologies, including
commercial systems for the removal of CO, from natural gas. Several of these processes use a
chemical reaction of the target gas with a solute in the liquid phase. In the case of large-scale CO,
capture, aqueous amines are commonly used to chemically trap the CO, by forming ammonium

carbamate (Bates et al., 2002). Although these aqueous alkanolamine solutions are industrially

Address correspondence to Victor H. Alvarez, School of Chemical Engineering, State University of Campinas
(UNICAMP), P.O. Box 6066, 13083-970, Campinas-SP, Brazil. Email: valvarez @feq.unicamp.br
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effective for capturing CO,, there are several serious drawbacks inherently connected to them: 1)
the loss of the sequestering agent, a volatile amine, into the gas stream, 2) the uptake of water
into the gas stream cause intensive energy consumption, cost increases, and corrosion problems.
In order to solve these difficulties, is absolutely necessary to seek a new kind of sequestering
agent, such as ionic liquids, which present characteristics such as a very low vapor pressure and
thermal stability.

Ionic liquids are organic salts with melting point below 100 °C. Due to their unique properties,
such as negligible vapor pressure, high thermal stability, nonflammability, design with tailored
properties, and others (Bates et al., 2002; Rogers and Seddon, 2002), ionic liquids have been
recognized as a versatile alternative to conventional organic solvents in reactions, separations,
material engineering, and other fields.

The solubility and phase behavior of CO, in common ionic liquids, such as imidazolium-based
(Cadena et al., 2004; Shiflett and Yokozeki, 2005; Blanchard et al., 2001; Carvalho et al., 2009ab),
phosphonium-based (Zhang et al., 2005) and pyridium-based (Blanchard et al., 2001) ones have
been extensively studied experimentally. These works obtained absorption values of about 0.02
mol CO,/mol ionic liquid (Scovazzo et al., 2004) showing only physical absorption of CO, at room
temperature and atmospheric pressure. This value can be increased up to about 1.78 mol CO,/mol
ionic liquid (Carvalho et al., 2009¢) through chemical absorption of CO,.

Comparing the numerous studies on the solubility and phase equilibria of CO; in common ionic
liquids, there is little research on the capturing of CO, from a gas stream. Bates et al. (2002)
reported for the first time an effectively chemical capture of CO, by an ionic liquid with -NH,
group, the 1-n-propylamine-3-butylimidazolium tetrafluoroborate. Unexpectedly, other works
showed low equilibrium concentrations of CO;,; for example, Zhang et al. (2005) found 0.01 mol
COy/mol 1,1,3,3-tetramethylguanidium lactate at room temperature and atmospheric pressure.
Some works have proposed that ammonium-based ionic liquids should be more effective to
capture CO;, through chemical absorption (Yu et al., 2006), and, in addition, such ionic liquids are
less toxic than imidazolium-based ones (Sierra et al., 2008). The solubility of CO; in ammonium-
based ionic liquids was studied at high pressure conditions (Yuan et al., 2007).

In this work, an experimental investigation is carried out in order to evaluate the ability of two
amine-based ionic liquids, 2-hydroxyethylammonium formate (2-HEAF) and N-methyl-2-
hydroxyethylammonium formate (m-2-HEAF) for the absorption of CO,. The ionic liquids were
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synthesized from the correspondent amines and formic acid. The absorption studies were carried
out in a semi-continuous gas-liquid column. The results show that these ionic liquids can be

alternative sequestering agents for the recovery of CO, from a gas stream.
EXPERIMENTAL PROCEDURE

Materials

N-Methylethanolamine and ethanolamine were obtained from Aldrich (99% wt) and formic acid
was obtained from Sigma (> 99.5% wt). These components were used as received. During the
course of the experiments, the purity of solvents was monitored by density and the speed of

sound measurements.

Synthesis of Ionic Liquids

N-Methylethanolamine or ethanolamine was placed in a three-necked flask made entirely of
glass, equipped with a reflux condenser, a PT-100 temperature sensor for controlling temperature,
and a dropping funnel. The flask was mounted in a thermostatic bath. The formic acid was slowly
added to the flask with stirring with a magnetic bar. The reaction is a simple acid-base

neutralization, producing an ester and a salt, and should be expressed as in Figure 1.

o)

0
H k H,"
N > N
HO/\/ o~ IkOH o > Son

I |
NH2 | —_— +H3N
OH
Figure 1. loic liquids produced by acid-base neutralization.

These reactions are highly exothermic, so an adequate control of temperature is essential
throughout the reaction; otherwise heat generation may produce the dehydration of the salt to the

corresponding amide, as in the case for nylon salts (salts of diamines with dicarboxylic acids).
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The color varied in each case from transparent to dark yellow when the reaction process and
purification (strong agitation and slight heating for the vaporization of residual acid for at least 48
h) were completed. In order to decrease the water content as much as possible, the ionic liquid
was dried for 48 hours at ambient temperature and under vacuum of 20 kPa, with stirring, before

each use.

FT-IR Spectroscopy

The FT-IR spectra were obtained with a Varian FT-IR 670 set at medium and high frequency
spectrum (7.900-20 cm™), using the ATR method. The device has a resolution of 0.10 cm™” and a
relation signal-noise of 5 s. of 12.000:1 with 75% of light attenuation.

NMR spectroscopy

All the NMR analysis were performed at 298.2 K in an 11.7 T Varian Inova-750 spectrometer
(operating at 750 MHz proton frequency). The spectra were processed with Mestre-C software
(Cobas and Sardina, 2003).

Samples of 2-HEAF and m-2-HEAF were studied by NMR. Sample preparation required only the
transfer to a 5 mm NMR tube. An external reference standard capillary was introduced coaxially
in the tube containing deuterated 3-(trimethylsilil)-propionic-D4 acid (TSP) 0.1 M in DMSO. The
TSP signal at =<0 ppm was used to determine absolute concentrations in the 1D proton spectrum
and the DMSO was used for deuterium lock. The integral of the "H-NMR signal of TSP in the
capillary was calibrated respect to a sample of 0.2 M of sucrose dissolved in D,0 prepared in a 5
mm NMR. The anomeric glucose proton appearing at =5.2 ppm was chosen for the calibration.

A 1D-"H NMR quantitative experiment was acquired with a 33° pulse and a conveniently long
interscan relaxation time (d; 10 s). These conditions were used to assure the exactness of the

signal integration. NMR spectra 1D >C, 1D "N, were acquired using standard methodology.

Apparatus

The apparatus of absorption of CO; in these ionic liquids is showed in Figure 2, and consisted
mainly of a jacketed glass vessel maintained at the desired temperature through circulating water.
The water temperature was controlled by a thermostatic bath with a temperature accuracy of +

0.1 K. A PT100 sensor (Senso term II, J.P. Selecta) with an uncertainty of + 0.1 K was used to
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determine the temperature of the system. CO, gas was bubbled through predetermined amounts
of 1onic liquids (95 ml) loaded in the glass vessel. There are valves in the inlet and outlet lines of
gas. The inlet gas flow rate was measured with a Control Electronics 0154 device (Brooks
Instruments) with an uncertainty of #0.01 ml CO,min" and the outlet gas flow rate was
measured with an ADM 2000 device (Agilent) with an uncertainty of 0.1 ml COz'min'l. The
absorption concentration of CO; in ionic liquids versus time was determined at 288.2 K, 298.2
and 308.2 K at ambient pressure (= 100 kPa), and at two flow rates (149 and 199 ml.min’l).

This apparatus was used in previous works (Gonzalez-Olmos and Iglesias, 2009) with the

operational procedure adapted using the work of Vasques et al. (1997).

Figure 2. Absorption column: (1) PT100 sensor; (2) thermostatic water outlet; (3). thermostatic
water inlet; (4) fritted glass; (5) gas flowmeters; 6) (CO, inlet; (7) thermostatic bath; (8) CO,

outlet.

RESULTS AND DISCUSSION

Synthesis and Characterization

The two hydroxyl ammonium ionic liquids were synthesized and characterized. The results of the
FT-IR analyses were very similar for both ionic liquids. The spectra showed a broad band in the
3500-2400 cm’™ range, which is characteristic of the ammonium structure. The OH stretching
vibration is embedded in this band. The FT-IR spectrum for the m-2-HEAF is shown in Figure 3.
NMR provided further insight in the chemical composition of the ionic liquids. The chemical
composition was determined by combination of 1D 1H, 1D 13C, 1D 15N, 2D-TOCSY, and 2D-
HMBC. The 2D experiments provided H-H or H-C through-bond correlations that assisted the

331



NMR signal assignment and confirmed the structure synthesized. The 1D proton NMR spectrum
of 2-hydroxyethylammonium formate is in good agreement with that reported by Bicak (2005).
For instance, in Figure 4 is shown the 2D TOCSY spectrum of m-2-HEAF.
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Figure 3. FT-1R spectrum for m-2-HEAF.
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Figure 4. TOCSY spectrum for the m-2-HEAF. The vertical and horizontal traces shown
correspond to the 1D proton spectrum.
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Physical properties of the synthesized ionic liquids are presented in Table 1. The density and
sound velocity are in good agreement with those reported by Bicak (2005) and Alvarez et al.
(2010). From Table 1, it can be seen that the density and viscosity for the m-2-HEAF are lower,

which makes it potentially applicable for industrial use.

Table 1. Pure component properties at 298.15 K.
2-HEAF m-2-HEAF
Lit Exp Lit. Exp.
peem”  1.204%  1.20341 1.12825° 1.12842
ums’ 179854 1799.46 1815.30° 1815.78
pmPas 105009 11925 20279 2145
@Bjcak (2005), ®Cota et al. (2007), ©Alvarez et al. (2010)

Property

Absorption of CO; in Ionic Liquids

Each experiment was done on triplicate with a standard deviation of + 1.5 mI'min” of the CO,
flow rate. The flow rate has noise data, so a polynomial fit was applied to the data and the mean
results are presented in Figures 5 to 7. The equilibrium absorption was not reached and after
several hours the experiment was finished. For example, with four hours of absorption at 149 ml
COz'min'1 and 308.2 K, the CO, absorbed for one mol of 2-HEAF or m-2-HEAF were =0.04
moles and =0.06 moles, respectively. The absorption rate of CO; in both synthesized ionic liquids
can be seen in Figures 6 to 7. Also, the CO, absorbed during 7200 s are shown in Table 2.
Figures 6 to 7 and Table 2 show that the absorption rate of CO, in both ionic liquids decrease
sharply when the flow rate of CO, and temperature decreases. For example, in Figure 5 at 5000 s
and 149 ml COz‘min'l, the quantity of CO, absorbed in m-2-HEAF at 308.2 K is greater than at
298.2 K. Besides, experimental viscosity of pure ionic liquids increases as temperature decreases
(Shiflett and Yokozeki, 2005). Also, from Figures 5 to 7, it can be seen that the effect of cation on
the solubilities of CO, follow the sequence the N-methyl-2-hydroxyethylammonium > 2-
hydroxyethylammonium. In addition, the viscosity of the 2-hydroxyethylammonium formate is

greater than that of N-methyl-2-hydroxyethylammonium formate.
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Table 2. CO, absorbed into the ionic liquids during 7200 s.

Flow rate input 2-HEAF m-2-HEAF

B . mol
T commint MICOAIL o coymol Iyt ™ol €O2UIL) COx(mol
IL)y
308.15 149 0.283 0.026 0.397 0.043
298.15 149 0.216 0.019 0.355 0.038
288.15 149 0.156 0.009 0.276 0.029
29815 149, Xyaer=0.1 0.257 0.021 0.325 0.032
308.15 199 0.300 0.028 0.361 0.039
298.15 199 0.263 0.023 0.344 0.037
288.15 199 0.301 0.027 0.323 0.034

40

35 |

Qco, absorbed / ml/min

0 5000 10000 15000 20000 25000
t/s

Figure 5. CO, absorbed into ionic liquid against the absorption time with CO, flow rate of 149
ml/min, at (==) 308.2 K, (—) 298.2 K, (=) 288.2 K for 2-HEAF and (== ==) 308.2 K, (--) 298.2

K, (==) 288.2 K for m-2-HEAF. The red symbols are a mixture of 2-HEAF with 0.1 molar

fraction of water at 298.2 K.

The effect of the water into these systems was also studied, as can be seen in Figure 5 and Table
2. This data shows that 0.1 molar fraction of water decrease slowly the CO, absorbed, but a
whole range of dissolutions should be studied to fully understand these behaviors. Table 2 shows

the CO, absorbed is greater than other ILs used in the open literature (Scovazzo et al., 2004;

Carvalho et al., 2009c; Zhang et al., 2005), so far with the addition of water into these ILs.
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Qco, absorbed / ml/min

0 5000 10000 15000 20000 25000

t/s
Figure 6. CO, absorbed into ionic liquid against the absorption time at 308.2 K. The CO; flow
rates were: (==) 199 ml'min”' and (—) 149 ml'min” for 2-HEAF and (e =) 199 ml'min”' and
(--) 149 mI'min™' for m-2-HEAF.
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Figure 7. CO, absorbed into ionic liquid against the absorption time at 298.2 K. The CO, flow
rates were (=) 199 mI'min"' and (—) 149 ml'min”' for 2-HEAF and (= =) 199 mI'min"' and (-
-) 149 ml'min” for m-2-HEAF.

The absorption and desorption cycles were conducted to study the recovery of CO, and recycle
for the IL with high absorption, the m-2-HEAF. The mixtures were slowly heated with a 3 K
increase per 30 min with stirring at 20 kPa until constant weight. These recycling experiments

were repeated for three times at 298.2 K during 5000 s for the m-2-HEAF. The results are shown
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in Figure 8, which shows a very little decrease of the absorption ability of CO,, as <98 %, <94 %,
and =89 %, respectively.
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Figure 8. CO, absorbed into m-2-HEAF against the absorption time at 298.2 K and CO, flow
rate of 199 ml'min™": (—) original, (—) first time recycled, (—) second time recycled, and (—)
third time recycled.

The procedure to determine the volumetric mass transfer coefficient is based on the measurement
of the amount of gas absorbed per time unit and volume unit according to the following equation

(Vazquez et al., 1997):

d—C:kLa(C* -0) (D)
dt

where C” is the interfacial concentration of gas compound in the liquid phase at equilibrium (i.e.

the solubility of the gas in the liquid phase) and C is the concentration of carbon dioxide in the

bulk liquid, that is calculated from the experimental absorption rate data. This gives:

C*
ln(c* —Cj:kLat (2)
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Then, kza could be calculated from values of concentration as time function. The values for the
interfacial concentration of gas compound in the liquid phase at equilibrium was approximated by
the concentration of CO, into the ionic liquid after several hours, when the absorption of the CO,
was negligible (see Figures 5 to 7).

The CO, concentration in the bulk of the ionic liquid increases with time until the liquid phase is
saturated. The experimental results show that for the ionic liquid, an increase of the viscosity
(decrease of the temperature) produces an increase of the volumetric mass transfer coefficient
(Table 3). Probably, this behavior was achieved by exothermic nature of this kind of absorption
(Mattedi et al., 2010). Finally, the temperature is more influent in the absorption than the
viscosity.

Table 3. Volumetric mass transfer coefficient as function of viscosity

Flow rate input 2-HEAF m-2-HEAF
mL COymin"  T/K m/mPas® 10°xky,s- m/mPas® 10"k, s-’
288.2  41.8 4.816 34.20 2.282
149 298.2 32.7 3.845 20.27 1.014
3082  21.6 1.557 13.73 0.955
288.2  41.8 2.182 34.20 2.170
199 298.2 32.7 1.933 20.27 1.003
3082  21.6 1.182 13.73 0.878

“Iglesias et al. (2009); ®Alvarez et al. (2010)

Evidence of Chemical Absorption

FTIR spectra of CO,-absorbed ionic liquids were compared with pure ionic liquids. The results of
the FT-IR analyses were very similar for both cases: the spectrum of the CO, treated material
manifests a new absorption at 1668 cm'l, consistent with a carbamate C=0 stretch.

The NMR results in Figure 9 shows the 1D proton spectrum of CO; into 2-HEAF. The small
peaks observed in this spectrum correspond to protons of the neutral species produced by the
chemical absorption of CO,. For each ionic liquid studied, the ratio cation:anion obtained from
the quantitative analysis of the non-exchangeable signals in the 'D proton spectra is ca. 1 = 0.07,
which is in agreement with the expected for each ionic liquid. Another observation in the Figure
9 is the peak of two broad signals of NH;" and NH centered at =6.4 ppm and ~4.6 ppm,

respectively. The number of protons determined for the NH;" labile protons are apparent values,
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since the signal is affected by fast exchange with other labile protons, in particular with H,O

traces due to sample inherent hygroscopicity and possibly with OH-4, OH-4’ protons.
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Figure 9. 1D proton spectrum for 2-HEAF and neutral species after the reaction with COs,.

Figure 10 shows the ’C NMR spectrum of the CO, into 2-HEAF. It shows the ionic liquid
ammonium carbamate formation. This new resonance is observed at 8 166.20 ppm, attributed to a
carbamate carbonyl carbon. Also new are the peaks at 62.31 ppm and 42.78 ppm, consistent with
a methylene carbon into the new neutral species. The other features of the spectrum generally
consist of peaks near those of the starting pure ionic liquid. These previous evidence of new
species can be explained with the reversible reactions of 2-HEAF with CO, expressed in Figure

11.
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Figure 10. 1D "°C spectrum for 2-HEAF and neutral species after the reaction with CO,.
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Figure 11. Proposed reaction between 2-HEAF and CO,.

CONCLUSIONS

Two hydroxylammonium ionic liquids were synthesized with the formate anion. The CO,
molecule attacks the group of -NH in the cation of the ionic liquids more easily, and the increase
of the absorption was influenced for the high flow of CO,. After three recycle times using
vacuum and heat, the recycled ionic liquids show stable capability in the absorption of CO,.
Besides, m-2-HEAF shows potential as alternative sequestering agent for the recovery of CO, in

industrial process and an appealing subject of research.
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4.3.3 Dessulfurizacao do petréleo

O ELL obtido no capitulo anterior permitiu observar a capacidade dos liquidos i0nicos
sintetizados para a remocao do DBT contido no 6leo diesel modelo. Assim, foram feitos testes
com o m-2-HEAA obtendo uma baixa remog¢do. Sendo que a unica diferenca entre os m-2-HEAA
e m-2-HEAB foram dois carbonos na cadeia do anion. Poderia-se considerar que a adi¢cao de
carbonos na cadeia alquilica do anion permitiria uma maior remog¢ao do DBT. Isso foi verificado
com o ELL para o sistema ternario m-2-HEAH + DBT + n-dodecano, Os resultados do ELL sdo
comparados com dados dos liquidos idnicos [emim]*[EtSO4]" e [emim]"[DEtPO,]", obtidos de
Oliveira (2009). Estes resultados sdo apresentados, a saber, com a distribuicdo do DBT nas fases,
na Figura 4.10, a seletividade no liquido idnico na Figura 4.11 e a remog¢do de DBT obtida na

Figura 4.12.
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Figura 4.10. Distribui¢ao do DBT entre o liquido i6nico e o n-dodecano a 298,15 K. Utilizando,

m-2-HEAB (m); m-2-HEAH (0); [emim][EtSO4]” (¢), [emim] [DEtPO4] (A ); linhas calculadas
pelo modelo NRTL.
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Figura 4.11. Seletividade do liquido i6nico a 298,15 K. Utilizando-se, m-2-HEAB (m); m-2-
HEAH (0); [emim] [EtSO4] (#), [emim] [DEtPO4] (A ); linhas calculadas pelo modelo NRTL.
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Figura 4.12. Porcentagem do DBT removido do 6leo modelo, a 298,15 K. Utilizando-se, m-2-
HEAB (m); m-2-HEAH (0); [emim]"[EtSOy4] (¢), [emim] [DEtPO4] (A).
Segundo os dados do ELL e dos valores de distribuicao, seletividade e porcentagem de remocao,
observa-se que o0 m-2-HEAH ¢é melhor solvente que o m-2-HEAB, similar ao [emim]*[EtSO,],
mas de menor qualidade que [emim] [DEtPO,]’, o qual é melhor solvente para extracdo de DBT
neste estudo. Adicionalmente, temos que considerar a natureza biodegraddvel dos liquidos

16nicos m-2-HEAB e m-2-HEAH, que permite um processo ecoldgico. O liquido idnico m-2-
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HEAH extrai aproximadamente 30% do DBT inicialmente inserido no n-dodecano e o m-2-
HEAH, como os outros liquidos idnicos, ndo se dissolve em n-dodecano, mas n-dodecano é
presente em baixas quantidades na fase rica em liquido i6nico. Finalmente, a vantagem do m-2-
HEAH frente ao [emim][EtSO,4] é sua sintese ecolégica (ndo precisa solventes), baixo custo de

sintese, e apresenta uma estrutura mais simples de ser degradada no meio ambiente.

As modificagdes na estrutura do cédtion foram analisadas com os liquidos i0nicos 2-HE2AB e N-

(2-HE)edAB, modificac¢des do liquido i6nico m-2-HEAB, como observado na Figura 4.13.
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Figura 4.13. Porcentagem do DBT removido do 6leo modelo, a 298,15 K. Utilizando-se, m-2-
HEAB (m); 2-HE2AB (0); N-(2-HE)edAB ().

A Figura 4.13 sugere que as modificacdes no cation diminuem a remoc¢do de DBT. Isto pode ser

explicado pela maior viscosidade dos dois liquidos i6nicos: 2-HE2AB e N-(2-HE)edAB.
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5. CONCLUSOES E SUGESTOES FUTURAS

5.1. CONCLUSOES
Sintese e caracterizaciao de liquidos ionicos

Foram sintetizados onze novos liquidos i6nicos préticos baseados no cdtion amonio, através de
uma reagdo estequiométrica entre acido e base de Brgnsted, e foi verificada a presenca de pelo
menos um préton instdvel, o qual é capaz de promover uma extensa rede com ligacdes de
hidrogénio. Os liquidos i6nicos préticos foram estudados principalmente com variagcdes no
comprimento da cadeia alquilica no anion. Na caracterizagdo estrutural, foi confirmada a
formacdo de agregados nessa familia de liquidos i6nicos. Observou-se que o comprimento da
cadeia alquilica no anion modifica as caracteristicas quimicas e fisicas do liquido i6nico. Por
exemplo, o comprimento da cadeia alquilica do anion influi na formacao de agregados no liquido

i6nico e na solubilidade em ésteres.

Foi desenvolvida uma metodologia de desidratagdao do liquido i6nico, consistindo na desidratagao
a vicuo e armazenamento em atmosfera de nitrogénio. Os resultados mostram a importincia da
utilizacdo do nitrogénio para a armazenagem do liquido i0nico e que uma umidade aceitavel
(<1000 = 200 ppm) pode ser obtida, depois de 35 horas. As curvas de desidratacdo a vicuo em
funcdo do tempo para o liquido i6nico aprético e prético foram de uma umidade final de 100 ppm

e 1000 ppm, respectivamente.

Para evitar a captura de dgua durante a preparacdo das misturas bindrias foi projetada, construida
e implementada uma caixa de acrilico. A caixa serve para manter uma atmosfera inerte e seca

durante a manipulacdo do liquido i6nico.

Solugoes contendo liquidos idnicos - propriedades fisico-quimicas

A agregacdo, o comportamento dindmico e a ligacdo do hidrogénio na rede nas solugdes binarias
2-HEAA + (d4gua ou metanol ou etanol) foram estudadas através de propriedades termo-actsticas,
raios-X e RMN. Os resultados indicam uma ligeira perturbacao da estrutura do liquido idnico nas
regides apolares pela presenca de solventes hidroxilicos; a forma¢do de uma estrutura em torno

do grupo amonio foi observada em diferentes composicoes da dgua.
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O estudo das propriedades fisicas dos compostos puros permite observar a baixa viscosidade que
podem ter os liquidos idnicos com cdtion amonio e que o acréscimo da cadeia alquilica no anion
permite obter propriedades de cristal liquido. As propriedades das solugdes bindrias permitem
observar que esses liquidos i0nicos apresentam uma concentracdo critica de formacgdo de
agregados. Além disso, as propriedades de empacotamento estrutural como o indice de refracao
ou compressibilidade isotérmica em funcdo da molalidade, fornecem evidéncia de formacdao de

agregados.

No estudo das misturas com solventes hidroxilicos, mostra-se que esses liquidos i0nicos proticos,
ainda com cadeias alquilicas de 18 carbonos no anion, sdo parcialmente soliveis em 4gua, e
completamente soldveis em etanol e metanol em todo o intervalo de concentracdo. Os liquidos
ionicos com cadeia alquilica maior que seis carbonos favorece a solubilidade total em ésteres e,
em misturas com aldeidos, produz uma mistura exotérmica, seguida de uma separagao de duas

fases.

A solubilidade dos liquidos i6nicos nos ésteres € fortemente influenciada pela mudancga do cétion
e a solubilidade pode ser aumentada por cadeias alquilicas maiores no anion. A mudanca no
cation do liquido i6nico contendo o anion butirato mostrara que a adicion de grupos hidroxilos
diminuie a solubilidade nos ésteres, e um liquido i6nico dibutirato € solivel s6 no acetato de

metila.

Nas misturas de liquidos i6nicos préticos (m-2-HEAB, m-2-HEAH) verificou-se a alta
mobilidade do proéton livre, pela mistura exotérmica com aldeidos, o que ndo acontece com

liquidos idnicos apréticos ([emim] [EtSO4]).

A densidade das solugdes pode ser predita com o modelo PR+WS/COSMO-SAC com desvios

menores a 2,3%.

Em todas as solugdes, a estrutura mais compacta € obtida com os solventes que contém cadeias
alquilicas maiores. Esta propriedade pode ser explicada pela maior similaridade entre os
compostos. O perfil sigma do modelo COSMO-SAC pode ser utilizado a priori como método

qualitativo na detec¢do de misturas mais compactas.
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Solu¢oes contendo liquidos idnicos - equilibrio liquidor-vapor a baixas pressoes

Os liquidos i0nicos baseados no cation imidazdlio apresentaram solubilidade nos aldeidos
propanal e pentanal, enquanto os liquidos i06nicos baseados no cation aménio mostraram
solubilidade nos ésteres acetato de metila, acetato de etila e acetato de propila. Foi projetado e
sintetizado um liquido i6nico especifico para ser solivel nestes ésteres, com base no
comprimento da cadeia alquilica do anion. Apenas as misturas totalmente soliveis foram usadas

posteriormente para a determinagao dos dados de equilibrio liquido-vapor a baixas pressoes.

Os dados de ELV a baixa pressdo mostram que o acréscimo da cadeia alquilica no liquido idnico
aumenta a temperatura de ebulicao da solucdo, e o liquido idnico dication, tem pouca influencia
no ponto de ebulicao do sistema. Conseguiram-se medidas para fragdes molares do liquido i6nico
menores que 0,7. Essa composi¢do é proxima ao maximo empacotamento estrutural das solugdes
bindrias contendo ésteres ou aldeidos. Para maiores concentragdes de liquido 16nico, as moléculas
deixam de estar solvatadas para iniciar a formagdo de agregados e dificultam a adequada ebulicdo

do sistema no ebulidémetro.

Na modelagem dos sistemas, o modelo termodinamico utiliza a equagdo de estado de Peng-
Robinson com a regra de mistura de Wong-Sandler. Essa regra de mistura utilizou os modelos de
UNIQUAC e NRTL para correlacionar os ELV, e o modelo COSMO-SAC para predizer os
dados do ELV e a densidade das solugdes. Os resultados da correlacdo e predicdo mostram uma
adequada tendéncia dos dados experimentais. Adicionalmente, a fase vapor é adequadamente

modelada, sem concentracdes de liquido i6nico.

Solugoes contendo liquidos idnicos - Equilibrio liquido-vapor a altas pressoes

O método de consisténcia termodindmica mostra-se como uma ferramenta ttil para determinar os
dados experimentais que apresentam erros maiores aos aceitdveis no conjunto de dados. Mostra-
se que liquidos i6nicos préticos de estrutura simples, biodegraddveis e de baixa toxicidade podem
conseguir solubilidades superiores de CO, que os cldssicos liquidos idnicos aproticos.
Determinou-se que a estrutura molecular do anion acetato determina uma maior afinidade

quimica no liquido i6nico para aumentar a solubilidade do CO,.
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Os dados do ELV a altas pressdes mostram que o CO, é absorvido pelos liquidos i6nicos
aprdticos, principalmente pelas interacdes fisicas entre as moléculas de um soluto pequeno e
moléculas grandes do solvente. Mas, no caso da presencga de grupos funcionais que polarizem a
molécula do liquido idnico, como para os grupos éster ou amina, forma-se uma interagdo quimica
com o CO,. Essa interacdo permite maior absor¢do do CO; no liquido i6nico, formando um
carbamato, ligacdo que pode ser quebrada pela adi¢do de calor a mistura, reutilizando o liquido

i0nico.
Misturas contendo liquidos ionicos — Equilibrio liquido-liquido

Foram determinados dados de ELL para sistemas envolvendo a extracio do componente
aromdtico sulfuroso dibenzotiofeno. Verificou-se a extracdo de dibenzotiofeno com liquidos

i0nicos proticos de estruturas simples.

Os dados do ELL mostram que a polarizacdo mais acentuada na molécula do liquido idnico
prético tem uma extragdo de solutos sulfurosos similar ao liquido i6nico com estrutura mais
complexa e massa molecular maior. Observou-se também que o simples acréscimo da cadeia
alquilica no anion do liquido i6nico prético pode originar um liquido i6nico com maior poder de

dessulfurizagdo.

Consideracoes

Com as experiéncias anteriormente citadas, podem ser escolhidos diferentes fons para criar uma
vasta gama de liquidos i0nicos préticos; o anion deve ser escolhido para controlar a afinidade
quimica ou fisica, e o cation deve ser escolhido para um maior afinamento das propriedades

fisicas segundo necessidades dos engenheiros.

Além disso, foram feitos os estudos para oito sistemas bindrios no equilibrio liquido-vapor e um
sistema terndrio no equilibrio liquido-liquido. Nos experimentos do equilibrio liquido-vapor e
liquido-liquido, observa-se que existe uma interacdo eletrostitica entre o liquido idnico e o
soluto. Isto é confirmado pelas moleculas maiores do liquido idnico que podem absorver mais
CO; ou DBT. Mas se algum atomo no liquido idnico tiver afinidade quimica com o soluto, a

absor¢ao de CO; ou extragao de DBT € aumentada substancialmente. Isto € observado na simples
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estrutura molecular dos liquidos i16nicos préticos comparada com a maior estrutura dos liquidos

10nicos baseados em imidazolio.

N

Além disso, um aspecto relevante, algumas vezes desconsiderado em relacdo a aplicacao de
liquidos idnicos e o meio ambiente, € sua potencial toxicidade. Questdo insuficientemente
estudada até o momento, especialmente tendo em conta a tendéncia mundial que origina a
necessidade de informacdes para o cumprimento do registro REACH da UE (do inglés
Registration, Evaluation, Authorization and Restriction of Chemical Substances). No que se
refere aos liquidos idnicos sintetizados nesse trabalho, sdo de baixo custo econdmico, nao
utilizam-se solventes adicionais na sintese, tem baixa pressao de vapor e os primeiros resultados
destacam a biodegradacdo total e baixa toxicidade como caracteristicas intrinsecas dessa familia

de liquidos i6nicos.

5.2. PROPOSTAS DE PESQUISAS FUTURAS

Sintetizar e caracterizar liquidos idnicos com mais de um cdtion ou anion, com a finalidade de
estudar a influéncia da nova estrutura nas propriedades fisico-quimicas, mas mantendo

caracteristicas de baixa toxicidade e alta biodegradabilidade.
Sintetizar liquidos i0nicos contendo dtomos metdlicos.

Estudar a estrutura dos liquidos i6nicos com espalhamento de raios X em baixo angulo para

conseguir medir os agregados formados e caracterizar seu tamanho e forma (micela ou lamela).
Projetar liquidos i6nicos com o cdtion amonio soltiveis em aldeidos.

Reparametrizar o modelo COSMO-SAC para obter melhores predicdes do ELV ou ELL

contendo liquidos i0nicos.
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ANEXO

A. Estrutura de alguns liquidos ionicos citados na tese

O H2+

NN
:

O \O Acetato de n-metil-2-hidroxietilamonio
Formiato de n-metil-2-hidroxietilamonio
H," 0
N
- \/\OH /\)J\
0 o

A

Propionoato de n-metil-2-hidroxietilamonio

N
/ \/\ OH

Butirato de n-metil-2-hidroxietilamonio

0]

MO_

H2+
N
/ \/\OH

Pentanoato de n-metil-2-hidroxietilamonio

O

/\/\/H\O_

H,*
N
/ \/\OH

Hexanoato de n-metil-2-hidroxietilaménio

ﬁ
_——N+

\/Nv

—_—

\/\/N\/

O 0
O
/™ />
O O
O O/
Etilsulfato de 1-etil-3-metilimidazolio Metilsulfato de 1-butil-3-metilimidazolio
Hy" H,"

N
+H3N /\/ \/\OH

HO/\/ N\/\OH

Dibutirato de N-(2-hidroxietil)etilendiamonio

Butirato de bis(2-hidroxietil)amdnio

363



10

11

12

B. Os 12 principios da quimica verde (Anastas e Warner, 2000)

E melhor prevenir do que tratar os residuos, depois que sdo produzidos.

Métodos de sintese devem ser projetados para maximizar o uso de todos 0s materiais
preparados durante o processo.

Sempre deverd ser vidvel a metodologia de sintese projetada para uso e geracdo de
substancias que possuam pouca ou nenhuma toxicidade para a saide humana e ambiente.

Produtos quimicos devem ser obtidos para preservar a eficicia da sua funcao, reduzindo a
toxicidade.

O uso de substancias auxiliares (por exemplo, solventes, agentes de separacgdo, etc) deve ser
desnecessario no processo sempre que for possivel, ou indcuo, quando utilizado.

A demanda de energia deve ser calculada pelo seu impacto econdmico e ambiental e deve
ser minimizado. Métodos de sintese devem ser conduzidos a temperatura e pressao
ambiente.

A matéria-prima fornecida deve ser renovavel sempre que seja técnica e economicamente
viavel.

Derivatizacdo desnecessdria (modificagdo tempordria de processos fisico-quimicos ou de
sustancias) deve ser evitado sempre que possivel.

Reagentes cataliticos (tdo seletivos quanto possivel) sdo superiores aos reagentes
estequiométricos.

Os produtos quimicos devem ser projetados de modo que no final de sua fungdo, ndo
persistam no ambiente para se decompor em produtos de degradacao inécuos.

Metodologias de andlise precisam ser desenvolvidas para monitorar e controlar em tempo
real os processos, antes da formac¢do de substincias perigosas.

Substancias e reagentes utilizados em um processo quimico devem ser escolhidos de forma

a minimizar o potencial para acidentes quimicos, incluindo vazamentos, explosdes e
incéndios.
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